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ABSTRACT

This  t e c h n i c a l  r epo r t  s u m m a r i z e s  t h e  image  u n d e r st a n d i n g  and
smar t  senso r r e s e a r c h  a c t i v i t i e s  pe r f o r m e d  by the  USC Image P rocess ing
I n s t i t u t e  d u r i n g  the pe r iod  of 1 A p r i l  1979 t h r o u g h 30 Septe m be r 197 9

u n d e r  c o n t r a c t  number  F — 3 3 6 1 5 - 7 6 — C — 12 0 3  w i t h  the  Advanced Research
P r o j e c t s  Agency ,  I n f o r m a t i o n  P rocess ing  T e c h n i q u e s  O f f i c e , and
m o n i t o r e d  by the  % c r i g h t — P a t t e r s o n  A i r  Force Base , Dayton , Oh io .

The research program has , as its pr imary purpose , the  development
o f t ech n iques and system s f o r  u n d e r s t a n d i n g  im a g e s .  Methodolog ies

rang e f rom low level  image  p r o c e s s i n g  p r i n c i p l e s ,  s m a r t  sensor CCD LST
circuit design , up to hi gher le’v m~l symbolic represen tations and

relational structure manipulations.

f i ’ C - H~~~~~~~

H -
- - - -~ ‘- i -C r-  _ . ._ -~_ . . _ , . J
- - ~ - - - - _
I I _ _ _ _ _ _ _.._o 

‘ C l ’C ’~~ ~~~~~~~~~~~~~~

- - -1 ,
- ~~~~ ~C J /  

-~~~~~—~~~~~~~~~~~ - 
_ _ _ _ _ _ _



— - 

PROJECT PARTICIPANTS

~~~~~~~~rs

Ramak ant Nevatja Comput er Science & Ele ctrical
Engineer ing

Alex ander A . Sawchuk Electri cal Engineer ing

Research Staff Affili ation

Jean—F rancois Abr aniatjc I . R . I . J ’~. — FRANC E
(Visiting Sci€ntjst)

Keith E. Price Image Processing Institute i -

I~illiam K. Pratt Electri cal Engineeri ng

I)
Ted Bleecker Charles McManis IGary Edwards Ma ry Mon~ o~John Hom er Ray Schmidt
Eileen Jurak Thomas Ter tocha
Hilda Marti Amy Yiu -

Toyone Maye cia

ii ~~~~

‘ 

~~~

-- 

- - - 
- —



~~ t ude n t ‘

I~~-L n j m  ‘sh )~~~t 1 Kt  n n & - t h  I . I UW S

K .  k m t  sh B ab u  sang  U k I t  ~
B h a n u  C h u n  Moo I~o

Pctt . t Chuan F e l ic i a Vi 1 n~ ott et
Id Ga~ b e t

--- -  - 
-

- --- ------ ~~-~~~~~~~~~~ - - —j — -~~~~~~~~~~~ -- -



- - 
.
~~~~~ 

- -
~~~~~~ -~~~~~

- -- 
~~~~~

- - -

-
~ A P I  ~ CF C C N T F N T S

I - ~-t  a t  ~- t .  C’V t  t v  • 1

I i , ~; ~ 1 n . i e  t t an d  i F t  o ) C

- 1 Pat ..1 I e I — Ca ~~~~
- Cony c 1 ~~ ~ t ~l1~as 1~ Ft x t~~~~~

— po i n

IT~- i I - m t - n t  a t  i o n

— .3 - F . A hi a t t ~
- and S -~ I I  I t - 

~
- 

-
- 
. -

- l t X  t ~:t  Fnet 
~~ 

- S ~~t t

— N e n r . t  t h  I i S

- A at os~-’ t i c  C. . a t  t a n  o t N a t ~ a ‘i Te x i i i  Pt ’ c t ~ t t on

— F’ - Vi intot ~ . 1  , R . Nt -v ,- t  i a a n d  K . Pt  i c e  

.~~. 4 Pt obabi i t V fl~-n~ ~ t v F u n c t  i o n  o t  t h e  St n~~u 1 a t  \‘: l u e~ , 
S 

-

ot a R an d e s  1”. x u t  F t . .- I Si
Bohnam t’l -) ,- t t  4

- 
C~ Mode I t o ’. Te x t  i:i ~~

- A n a l  v~ t s a n d  S vn  t he~ t ~~ . 
-

— Day t~i D o n o v a n  ~~ - t  ~~~ 
-~ - ~ St u c t  u t  a Cb j e c t  Ro c o~i n t  t i o n  t n  A c t  t a l i t ~’ aqe~

- K.  tves h Bahu 

Mod t - I t o is jq 
~ ‘ M a t oh i nq — Con t i n uc ~i

— K ei th F. Ft ice 

. t ~ Compa t t~~on  Ft ~~~~e..- f l  M A P  an d  I MM SF ’ F i l t e t s  tot t h e

R e S t  o t  at  I Ofl  0 t I ma-a c w t t h Po i ~ ‘on No ‘. ~-o

— C. - lo an d  A - . S a w c h u k  1.3

Sm ~ . t St ’ n o r P t  Ia ..‘ a t s

3. 1 fl e v e 1 e p r r~ - n t  et  C u s t o m — U’cs i~1fl ~~ i lnt c t a t od C i t  c u t  t

t o t I maq c t~de ~ t and i nq

— C.  R.  N u Sid , P A .  N v q a a t d  , S.D. Fou~~o an d

T . A .  N u~~~m ..’ l et  I ‘Si

4 .  K e c e n t  Tn ~~t • u t e  Po t  ~onnei P u b i  t ea t i on s  and ! e :~e~~t at  io: t~ 

i v  Lr,

r 
- _ _

w ~~~~~~~~~ ~~~~~~~~~~~~L - — - ____  — — -



1. Research Uverv iew

Th is document presents results of research over the past six

mon ths at the USC Image Processing Institute. This report is divided

in two major  a reas : image understand ing p ro jec ts , end smar t sensor
projects. These areas are abstracted below.

I m a g e  U n d e r s t a n d i n g  P r o j e c t s

The image underst anding research has been directed at the various

l e v e l s  of  an  i m a g e  u n d e r s t a n d i n g  sys t em . In t h e  f i r s t  s e c t i o n ,
A b r a m a t i c  and Lee d e s c r i b e  f u r t h e r  d e v e l o p m e n t s  in  t e c h n i q u e s  of r a p i d
convolu t ion of image s using small generat ing kernels.

A major area of research in the last six months has been texture

analysis and this report contains four sections related to this topic.

La~ s desc r ibes texture energy mea sure s using small (3x3, 5x5) filter

masks. The classification results appear to be better than for the
m o r e  e x p e n s i v e  g r a y  l e v e l  c o — o c c u r e n c e  c o m p u t a t i o n  m et h o d s .
Vi ln rotter , Neva tia and Price present new resuls in automaticall y

ge re- ra ti ng structur al texture descri ptions for natural textures.

c - a r c -e r  d e s c r i b e s  a m a t h e m a t i c a l  model  f o r  t e x t u r e s  and i t s  use in
j t e x t u r e  a n a l y s i s  as w e l l  as s y n t h e s i s .  A s h j a r i  p r e s e n t  a theore ti cal

a n a l y s i s  of  t h e  p r o b a b i l i t y  d e n s it y  f u n c t i o n  of t he  s i n g u l a r  v a l u e  of H

a r an d o m  t e x t u r e  f i e l d .  These  s i n g u l a r  v a l u e s  a r e  b e l i e v e d  to be

u s e f u l  t e x t u r e -  d i s c r i m i n a n t s .

In w o r k  a t  h i g h e r  l e v e l s  of  o u r  i m a g e  u n d e r s t a n d i n g  sys tem , B abu
desc r ibes an approach to the recognition of structured objects such as

airports. Price presen ts new results in matching map models to aer i al
images of Stockton Ca. and San Diego , Ca. ar eas.

Finally , Lo and Sawchuk present a comparison between a maximum ~
poster ior i (MAP) non—linear filter developed by them and a

conventional linear mini m um—mean—so care error filter for restoration

1
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of lm a g i s dtqta ded by Poisson noise .

Sirat t Sensot PLO ~ t a t I

Thc Hu~ hcs Rt s.. atc h t a b o t a t o t i e s  ptesent a ~c c t ion d e s c t i h t n q

reseatch pto qtes s on t h e  d e v e l o p m e n t  ot smat t sensot s t o t  i m a i c

~5 r O ~ t s s  in g . H u gh e s  h a s  c o m p l e t  t ’d t he const ~ uc t ion o t  a n ew CCD c h i p
and is cut t ent ly te st inq and . v ~~1 ua t  inq its pe t t o t m a n c c .  T h i s  c h i p  i s
Sic s t~ nod o p..- t to t m t h.. fe 11 e w i  nq t u n c  t i o n s

3x 3 Lapl acia n

5x5 medi an t i l t t t

‘- x S  pt og i a m m a b l e  w c t q h t  c e n v o l v e t

“ x 7 hi~~e l ~~t conv ~~1 y e t
.~t-t X . ~tt t d L ~e d e te c t  i o n  c o n v o l v e t  .
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2 .  1 L n d e r s t m n d i n 9  P r c ~~€ c t s

2 .1 Parallel-Cascade Convolution of Images: Fixed—Point

rp lere n ta t i on

3.F . Abr arn atic and sang Uk Lee

I r , t r o d u c t  ion

Con volut ion of images has proved to be very useful in many areas

i n c l u d i n g  i m a g e  e n h a n c e m e n t , i m a g e  r e s t o r a t i o n  and  edge d e t e c t i o n .
However , when ever the s i z e  of c o n v o l u t ion ke r nel  i s  l a r g e , t h e

p r o c e s s i n g  can be v e r y  cos t l y in  t ime as w e l l  as in m e m o r y
r equirements. Among the recent techni ques for alleviating this

problem is the idea of sequentially convolving the image with small

s i ze  k e r n e l s  [ 1 1 .  Our  w o r k  i n  SVD/ SGK f i l t e r  f o l l o w s  t h i s  new
a p p r o a c h .

SVD/SGK Convolution Filters

Us ing S i n g u l a r  V a l u e  D e c o m p o s i t i o n  ( SVD ) t e c h n i que , we can
decompose any  Lx L  i m p u l s e  r esponse  H as t he  sum of R s e p a r a b l e  2 — D

f i l t e r s  t 2 ] .

= 
~~1 ~~~~~~ 

(I)

where R is the rank of H , t o . , i— l ,...R are the singular values of H ,
which are the square roots of the eigenvelues of H

TH {a i~ 
, {b 1 } a r e

the eigenvalues of HTH and miT , respectively. Whenever R is less than

L, the numbe r of operations needed to perform the convolution can be

3
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r td uc t - d .  Also , w h t r  bc-cotter small , th c - d ecom position can bc
trun c at e d with out i r itro d uctn ~ s i g n i f i c a n t  e r t o i s  in t h . -  overa ll

f i lt e i n q  p r o c e s s .

In qener al , ~ wi l l  he’ s a t i s f i e d  with a m u l t i s t a g i -  expc n sion that

~ i 1l clost -ly apprcx ima t e H. In t h i s  c a s e

K

= 

~~~~~~ 
- i ~~~~

S
- i

~here K is t h e  num b e r of retained t~~rrr s (K < R). In many cases , the

im zCulse response H ca r Ha appio x ima t e d with a smel l error b y ~nI

r e t a i n i n q  the f irst t ..w dominant t . .  rrr s of Eq. (1). Th i s - suQ gcs ts a

pa r a l le l  ~mp Iemcrtati on ot the 2— 0 f i l t e r  described in Fig. I.

M or ..over, each of the t i l t ~~rs H - , where H - = . a - H a , ca n he re al i re d1 1 I 1 -i
by casc ading 3x 1 SGK t i l t c r s , oriented .. i t h e r  i n  th e column or in the

:o~- direc tion .. Fi gu re 2 shc~~ the basic irrp l eIi -enta t ion structure of

SVD/SGK convo lat ion f i l t e r .

~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~ A r i t h i r e t i c  ~~~~~~~~~~~~ 2~ ~~~~~~F i l t e r s

To ta ke advan~ aie of t h .- SVE ’SGK f i l t e r s , o re  w i l l  o f t r r  h a v e  t o
I m p l e m e n t  t hem ~n special—purpose ~ar dwa r c . Imaic - processing displ a y

is one e x a n - p i t  whe re such f i l t e r s  m a y  be used . They will pe r form

con.alatio r~ w ith out re edi n q t r e  c a p a b i l i t i e s  ot a general parpese host

c - amp u tet . in ruc h case , the use of fixed-point finit e—word lenqt b

ar~~thrret ic w i ll ha ici u tte d i t  o n e  w a n t s  to have “ r e-a l— t irr e- ”

ca p a b i l i t i . . s .  [“ p e al—tim e ” will me an here to be ab le to pe r form

c o n v c l 5 ~t i o n s  b e t ~~ccr .  t w o  t t a m e  d isp la y s. Th e u n i t  o f  t i m e  w i l l
basically hi’ 1 ,/SO scccnd]. Using fixed—point a rith mc t ic w i l l

lntr oouce e rrors in the comput a tions. ~ce c a n  c l a s s i fy  these e r r o t s
into three types~ a) f i l t e t  c o e ffici e nts qu an t i~~ation error , h)

rour idoff erro r , C )  o v c r f 1 ~~w error. The qu a nti ra tion e rrors occut

because the coefficients of the fi l t e r s  will not take t h e  exact v~~1ue

~ 

- - ~~~~~~~~~~~~~~~~~~~
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Figure 1. Block diagram showing implementation
of k-stage separable 2-D filter.
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they were assigned by the design procedure. This is due to the finite

word length used  to r e p r e s e n t  t h e s e  n u m b e r s .  E x p e r i m e n t a l  r e s u l t s
have proved that the amount of errors of this type is not sign i f i can t -

in our case . Roundoff errors occur every time a multi pl ica t ion is
per fo rmed . M u l t i pl y ing an n bi ts (includ ing si gn bit) numbe r by an m

bits number will result in an n+m— l bits number. Generally, only p
bits (p < n + m — l )  w i l l  be a v a i l a b l e  to s t o r e  t he  r e s u l t  of

m u l t i p l i c a t i o n .  Round i n g / t r u n c a t i o n  o p e r a t i o n  w i l l  be pe r f o r m e d
in troducing the so—called roundoff error. Finally, the use of fixed -

po int arithmetic will constrain the numbers to belong to a g iven
dynam ic range say — l to +1 . Performing an addition between two

numbers may result in a number which does not belong to this interval.

The t r u n c a t i o n  operation that will assign the limit value to the

r e s u l t  ( s a y  — l or + 1)  w i l l  i n t r o d u c e  a s o — c a l l e d  o v e r f l o w  e r r o r .

To minimize the d iscussed errors , we have two kinds of degrees of

freedom : a) every subtilter of the cascade structure can be scaled by

a n y  f a c t o r  as long as t he  o ve r a l l  g a i n  of t h e  f i l t e r  is kept  to i t s  -

ac tual value , b) the order with which the elements of the cascade are

used , can be chosen as we wish. We will have thus to derive a scaling
procedure that will deal with the overflow problem and an ordering

procedure for minimiz ing the effect of roundoff errors.

~~~i~fl9 2~~~~!~

Let us consider the case where a (2Q+l)x(2Q+l) filter has - been
decomposed by means of the SVD/SGK structure. We will be concerned

here by one SVD expansion that i m p l e m e n t s  the cascade convolution of 0
l—D column operation filters and 0 l—D row operation filters , all
of them of size 3 x 1. The only information we have on the input is
that it has been normali zed to the range [0 ,1]. We will use the

sum—scaling procedure to prevent overflow errors. (See Gold—Rabiner
[ 3 ] ) .  If  h 1( k , 9~) d eno t e s  t he  i m p u lse  response of the system from the

input to the ith subfilter output , h’(k,2~) is given by

h’(k,~~) = S1[g
1(k,~~)**g

2(k,~~)** ...**g’(k ,~~)] 
(2)

where g’(k,Z) is defined to be
7
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S~ is a seal ing factor. Using the sum—s -cal inq pi ocedut e , we wi 1 1
insu t.. that no overflow occut s by imposing

a

~~~ I h ’ ( k ) 1 I ~~~~
- i = 1 , ( .1 )

As each of the sub Ill te t f i it ers at e c it he i ow ot eel u m n  o p e r  a t  i o n
subt i it er , h

1 
(k , Q) cjn be rewr itt en as

h ’ (k ,~~) ~; 1 k)~~~ t~~ (~~
)

w h e r e g~~(k) anti g~~(~~) 3 !C  the impulse responses obt ained by ~i~’th ei i n q
the j column and the ( i - i )  tow operation s u b f il t ei , t e sp e c t  i v e l v .
Equation (4) can then he r e w r i t t e n  as

~~ Ic T ~ ( k ) l~~~~~ 
ft 1

The sea ling facto r us-cd to t t h e  t h sect ion is f i n a l l y  q i Vt ’n by

**de’notcc the 2~~D convo lut ion w h i l e  * d en o t e s  t h e  1—F’ convol ut ion

L. - ________ - - - ~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
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O~ t can see t h e n that this  facto r w i l l  be the same as the one that one

wo uld h avt- used cascading the i column or the ( i - j )  r o w s  o n l y .  To
prove th at , le t us consider that the ith sect ion is a c o l u m n  o r i e n t e d
filter. In that case tt~~ is  g i v en b y

> ~~ i -l  (k)
- 

k (8)

L H~. (k)
k

The terms correspond i ng to the row convolutions in and S1_ 1 w i l l  be

identical. This result will l iqh t en the burd en of c a lcu la tinq the

scaling factors as the over a ll 2—fl sc a ling procedure reduces to two

l—D scaling procedur e ’s. We will denote ~~ (k ,~~) t h e sca l ed  i m p u l se
r esponse’ of the ith section.

9~JI~ P9 2~ ~~~~~~~~ ~~ ~~~~~

When an n+m— l bits numbe r is rounded to an p hit s number , the

e rr or int roduced can he assumed to he the r cal i 7o tion of a random
- - - . — (r’~ 1)  — (P -+ l )

v ar ia bl e ’ uniforml y d i str ibutea between —2 and 2 . 1~ m o r e
res trictiv e assumption will be to consider that all the roundoff

er ro r s occ u r r i n g  as a r e s u l t of  r ound i n g/t r unc at ion ar e i nd ependen t
random quantities. Figure 3 describes one stage ~VD e x p a n d ed f i l t e r
r o u n d o f f  n o i s e  mod e l

Assumi ng that the e r r o r s ar e independent , one can then easil y

calcul ate the variance of the ove ra ll round oft error

5 2 
~~ 

( f (k ,~~) (9)

9
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e ( k ,~~) e(k ,~~)

Fi gure 3. SVD/SGK Filter Roundoff Noise Model .

- Figure  4. Prospective View of Prototype Filter
- Frequency Response.
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and

it- i 2ç)f . (k ,~~) 
~ (k ,~~) 

~~~~~~ - -  ~~~ (k ,~~) 
(ii)

f .(k , fl is a separable impuls e ’ response and thus the e rr o r ca- n he’ -

rewritten as

= ( 
~~ f~ (k) (~~) 

.)
) (12)

This tormu la t ion will be useful to qenera lize to the 2-D separable
case the order ing algorithm proposed by Chan and Rahiner [ 4 1 .

~~~ ~~ -i P~

Dealin g with a (2Q+l)x(2Q-t-l ) kernel , qiv es 2Q su h fi l t ets of size

of 3 x I ei ther column or tow operators - . We thus have (2Q) ! possible
ord er ings . As in the l-D case testin g all the poss ibiliti es wi l l
become almost impossible as Q grows , hu t qood sub—optima l procedures
wil l  pr ove to he efficient. This is - the reason why we wil l generalize

the 2-0 separable c a s e  with the Chan—R ahiner ’ s l-D sub-op timal
al gor ithm .

Thi s algorithm consists in building the cascade struct ure section

after Sect ion starting from the end , m inimi a i n g  at each step the new
term introduced in Eq. (12). Following this approach , we w i l l  show
tha t the resultin g ordering of the rows (resp. the columns) w il l be
the same as the one obtained by order i ng the r ows (iesp. the columns)

U
- ~~~~ -

- . ‘-

- L ’ ~~~~
-- ~~~~~~~~~~~~~~ -‘



-

~~~~~~~~~~

as if we were solving two 1-0 problems . The algorithm w i l l  provide

- then a good way of ordering the rows “ a m o n q ” the co1umns . To show -

t ha t r e s u l t , le t us assume that we have already chosen Q—i sections , ~
of  them a r e  co l u m n s , Q-i-j arc rows . We want to d etermine the ith
section of the cascade st r ucture. Let us de fine C ., R . as

~~~~ i f l
= I t .. (k) I ( I  

~~ )k

R .  
~~~~~~~ 

1 f

i t l
(
~~~~~

) 1

2 

( 1 4 )

If we choose a column as the ith section , the new term in Eq. (12)
w i l l  he

~~ f’(k~C ( _ )

if i t is a row we w i l l  have

C.  ~ t~~~~~~) L (16)

I t is cle ar now that to qet the sn~~i l es-t F ., one has only to compare
the resul ts - given by the row and the column th at weul Si h a v e  been
chosen in the l-r algori thm orde r ing s.
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The Ordering algori thm for one 2—D separable channel goes as

follows .

1) Run the 1—D Chan— pabiner ordering algorithm for the rows and
for the columns separa tely. (The calculation of the scaling 

- 

-

fac tors is included in this step.)

ii ) For i going from 2Q to 1 
~ 

compare  E~ and E~~ g i v e n  by
Eqs. (15) , (16) to decide whether a row or a column should become

the ith section .

This algorithm has been tested by using as inputs either 2—D white

noise or real images. The resul ts have been compared to other “ common
sense ” orderings. In all cases the orderin g provided by the algor ithm

has proved to be the best.

E t

We have chosen to use a zero—phase bandpass filter with a size of

llx ll as a prototype filte r . The frequency response of the prototype

filter is shown in Fig. 4. The prototype filter was expanded using

the SVD technique and approximated by r e t a i n i n g  on ly  the  4 l a r g e s t
terms in Eq. (1). The resulting approximating filter yields 0.92%

normalized mean square error (NMSE ). Several experiments have been

performed to evaluate the SVD/SGI< convolution filter with fixed—point

ari thmetic. The original image is shown in Fig. 5a and the result of

convolution w ith a llxll prototype filter with a floating point

ar ithmetic is shown in Fig. Sb. The result of convolution with

SVD/SGK filter with a fixed—point arithmetic is presented in Fig. Sc.

In this experiment , we assigned 12 bits (including sign bit)

word-length for memory and 16 bits for filter coefficient

quantization . The resulting NMSE between the prototype processed

ou tput of Fig. 5b and the SVD/SGK processed output with fixed—point

13
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(a)  Orig ina l  (b) Direct -

_______________________________ 

_______________ ________________ ____

—

(c) SVD/SGK Convolution (d) Absolute difference x 150

Figure 5. Example of Image Convolution with Prototype
Filter and SVD/SGK Filter
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a r  i f a r t - t ic i s  . t’~~4 2 ’  . We ow also t f- k- ma qn it rrdu- of ab s-el ut

d i t : ~ n ce- ~-t w ~ n Fi is - . ~ i- a-nd t
~c a - s  i u i d ~ t o  p e r c t - l v ’ - the e r r o r s .

‘~f - d 1 t t ~~r t r c t  r:~ a~i t  of F i a . Sd wa -s i r a - i t  ip l i e d  i - v  s c a l i n g  f a c t o r  15 0 .

~o -u v~ a- ~ r~~c t  ic a l  i d .  - - o! tow u se’ tu l is t h e  SVD e x p a n s i o n  of El ,
F r - ~s . t a-n a- 7 show t H c o n v o l u t  ion o u t  ~~t and di f f e r  e-nce- isa-ge

c o t  r t  - a -n~~ i n q  t o  d i t  t e t .  nt d t - -- i r t  . of ai~~- i o x i m a t i a - n . The u s e f u l n e s s  of
x~ ns ion c a - f l  i e ~i . - m c n s t  r a - t  t - d  I v nt -a t m g  that we c a n  t- adeoff

I e’ t ~ n t I e ’  a-ir a- ur. t of a p~’ t cx  i mat ion e r r or a-nd t he comput at ion a I -

re i en¼ \ t’v St  it-c t inq t H n - u i r t - e t  of t c - i  irs in t h e -  FVr exp ansion of H.

TH- sin g ular va l u t- decom po sition of a- 2— la f i n i t e  impulse response

h a s  pr cv eo to be u se  I u l  n d es  i ~ n i nq 2—D a-ppr ox i m a t  i nq F I R  f I I t  e r s  r
t h a t  c a n  f e  i rt- p~ t- -men t ed b ire a n s  o f  a pa - i al i t -I—ca s c a de structure. We

h a v e  shown  t i a - w  t h e  a i q o r  i t h m s  a - v a x  Ia - I-ic in t h e  d o m a i n  of  1 — f l  s i g n a l
ocess i ny for imple me nt i nq cascade f i it t i  s w i t h f i xed p o i n t

in t c—word 1 n’i t h a - i it hmet i c , c a -n  be ext ende d  to 2—fl signa l

~ r o c e s - s i n g . I t  h a s  b e en  seen  t h a t  t a - k i n g  a d v a n t a g e  of t h e  2 — f l
structur e by inte r l a cing column and r o w  c o n v o l u t i o n s  s e q u e n t i a l l y ,  can
he us e ful in m inimizin g t h e  r o u n d o f f  e r r o r s .  F i n a l l y ,  e x p e r i m e n t s  on
real images have proved t h a t  t h e  SVD SGK f i l t e r s  c a n  he u s e f u l  i n  t h e
doma in of “ re a l- tim e ” i ma g e  convolution .
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( a )  1 term SVD/SGk (b )  2 term SVD/ SGK
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( c )  3 term SVD/S ’~K

Figure 6. Example of Image Convolution Using SVD/SGK Filter
wi th  D i f f e r e n t  Degree of Approximation of H
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(a ~ Scale factor = 10 (h) Sca l e f a c t o r 30

C c )  Scale factor =

Fi c ar e  7 . A b s o l u te  Di f fe t en c e  Imace Be tween Fig . ~b and Fig . ~ 
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4. D.S.K. Char. a - r i L.}~. P~ b in i- r , “An A l g o r i t h m  for !~ini rr izing

Rourdo ff N o i s e -  in Casc a-dc Realiz a ti on of F in i t e -  T ir p u lsc - P spors -r-

l a i q i t a l  F i l ~~t i s , ” P c - i l  Svs . T e c h . 3 . ,  Vol. 52, No . 3 ,  !~a -rc h 1973 ,

p p .  34~~— 3 8 5 .

2 . 2  T e x t u r t  E n e r g y  ~‘ - a - s u r e s  -~~~~

Ke n n c t h  I .  Laws

T h i s  pape r p rese nt s a set of “tex t u r e  e ner g y ’ t r a n s f o rms t ha t

provide texture m e a s u r e - s f o r  ea c h  p i x e l  of a m o n o c h r o m e  i m a g e .  The
t r a n s t o r m s  a r e  f a s t , r e q u i r i n g  o n l y  o n e - d i m e n s i o n a l  c o n v o l u t i o n s  and
s i m p l e  m o v i n g - a v e r a g e  t e c h n i q u es .  The m e t h o d  p r o v i d e s  m o r e  a c c u r a t e
class ification than gray level co—occurrence methods. It is local ,

opera ting on small image windows in much the same manner as the hum an

visual system . It can be m a d e  i n v a r i a n t  to c h a n g e s  in  l u m i n a n c e ,
con t r a s t , an d rotation without hi stogram equalization or other

p r e p r o c e s s i ng .

Figure 1 shows the sequence of images , or i m a g e  b l o c k s , used in  -

m e a s u r i n g  t e x t u r e .  The o r i g i n a l  i m a g e  is f i r s t  f i l t e r e d  w i t h  a set of
small convol ution masks with fixed , in teger coefficients. These mask s -

a r e  s e p a r a b l e , so that only one—d imensional convolution is required .

The f iltering can also be accomplished with two-stage 3x3 or 1x3 and

3x1 convolu tions. it could even be done  o p t i c a l l y .

The f iltered images are then processed with a nonlinear “local

t ’x ture energy ” fil ter. This is simply a moving-window average of the

L _ _  

_ _  
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(a) Composite (b) First Component

(C)  Second Component (d) Classification 
-

Figure 2. Texture Images
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result tot t - i t h e r .  In our dis c rimin a nt an - l yses a mor e r i gorous
ad a -pt ly e equal i z , j t i o n  has - also hec’n used : it seems to give mot e -

c on se rv a t i v e - a-nd n e l u a h l a - n s - u l t s - .

The textu re s w i r e  chosen precisely because they are d i f f i c u l t  to -
‘

d i s c r i m i n a t e .  They are a worst c-a -s-- c da-tas et. Gr as -s and Sand a r e  v c t - r y
si m i l a r , with the m a - i n d i f f e r e n c e  beinq t h e  i-xtended edqes in grass.

Pigskin , Raffi a- , a-rid Sand may be consi dered cellular texture s with

simi l a r cell sizes . Raffia i s- d istin g uished by i ts- long—r ange

s t ruc t ure , and Wool by it s f ib er con te nt and la ck  of coa r se edge 
-
~~~

s t r u c t u r e . The G r ass , Lea ther , Wood , a nd Wa t e r ima ge s all have
vet ti c-al st ructure .

Co-occur rence matrices are a popular source of texture features.

We have gen erated co—occurrence matrices from l 5x l 5 source windows

requan tized to 32 g r a y  levels. Each matrix is thus 32x32. Nine of

these ma t r i ces  are  used , correspond i ng to ho r i zon ta l  and ver ti cal
spacing s of zero , one , and seven pixels. The chosen spa-cinqs

co rrespond to horizontal , ver tical , ari d t o p  l e f t  to  b o t t o m  r i g h t

d iagonal directions. The P00 matrix records first — order information:

all the entries are on the d iagonal. The other eight matrices record

second-order informa tion . The matrices are not symmetric , nor is
there any averagin g across different co-occurrence angles.

Table 1 shows the classif ication accuracies available with

v arious feature sets. The first analysis uses only the PSM , CON , COR ,

1DM , and ENT Haralick moments [11 , 1 2 1. Together the 32 features give

almost 68% classification accuracy on the adaptively equalized texture

set. The globally equalized textures gene rate two domin ant

disc rimin ant functions using P1OCON , P O 1 I OM , P7OI DM , PIICON , POICON ,

P 1Q IDM , PIOCO R , and PIICOR . Discriminant functions for adaptivel y

equalized tcxtu ue s use PIOCON , P O 1 I D M , P7 O CON , PIIC ON , PO 1CON , and
P71COR. The angular second momen t , cor rel at t ion , and ent ropy feature s

2 1



apparentl y carry little texture info rmation.

Table 1. Co-occurrence Classif ication Accuracy

~~~~~ ~~~

Hara lick Moments 70.85 67.58
Rectilinear Moments 63.04 65.92

Diagonal Momen ts 56.60 63.04

Combined Moments 72.07 68.16

The second and third analyses in Table 1 use rectilinear and

diagonal moments , respectively. These moments will not be descr i bed

here. Neither set is as powerful as the Haralick moments. The fourth

anal ysis combines all of the co—occurrence features, a total of 172
independent texture measures for the nine co—occurrence matrices.

Classificat ion accuracy improves very li ttle , and the var iables

selected by the discri minant anal ysis are nearly all from the Haralick
set.

Macro—Statistic Selection

Table 2 shows the classification accuraci es possible with local
texture energy measures . The classifier used 50 feature planes per

tex tu re , each produced by convolution with a 3—vector , 5—vector , 3x3
matrix , or 5x5 matrix. The SDV statistics were gathered over 15x15

macro windows . Classi fication accuracies are much higher than the 72%

achieved with co—occurrence statistics.

Energy and variance are both defined as sums of souares because

such sums are analytically tractable. The physic al world is under no

constrE’int to be tractabl e. It is probable that the human visual

24
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system avoids root—mean—square computations , and quite possible that

simpler statistics are more appropria te for texture analysis.

Table 2. Macro—Statistic Classification Accuracies

SDV 85.99 85.60

ABSAVE 88.09 87.11

SDV+1t-iBSAVE 89.16 87.55

Table 2 also presen ts an alternative to the standard deviation .

The ABSAVE s t a t i s t i c  is compu ted  as t he  a v e r a g e  a b s o l u t e  v a l u e  w i t h i n

a macro w indow. For a zero mean field it may be c o n s i d e r e d  a f a s t
approxima tion to the standard deviation. It pe r forms poorly only with

opera tors which are not zero—sum . For this dataset , AB SAVE fea tu res
are jointly more powerful than SDV features , and nearly as powerful as
both sets together .

The SDV and ABSAVE mac ro—sta tistics share a common weakness.

Nei ther can distinguish between a d a r k  f i e l d  w i t h  b r i g h t  spots and a
bri ght field with dark spots. In statistical terms , the two fields
differ in skewness. In frequency t erms , they d i f f e r  in phase ra ther
t h a n  e n e r g y .  One s o l u t io n  is to average positive values instead of
absolute values. It is reasonable that neurons in the retina mi ght

perform such a clipping functi on. Such one—sided measures pe r form
slightl y less well than the SDV and Pt-BS~VE measures , although much

better than co—occurrenc e Statistics. Another possibility is the

measurement of local phase relationships , as with mov ing—window
Fourier transforms. For the present we accept the ABSAVE statistic ,
keeping in mind that there will be some textures we cannot

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -— - - 
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d i s c r i m i n a t e . A B S A V F  f t ’atu tes a - r e  preferred to SDV features only

ht ’~~ a - u s - t -’ ot th e ir computationa l simp li city. Both appear to he

e qu i val e nt mea - sur es - - ot t i ’x t u r o e n e r q y .

Ccnttr’- ~~t-’ightc ~
j F i l t e r  Masks

Fig ur e 1 shows- three sets of one- dim ensional convolution m asks.

The names a - I t’ mnemonics - for It - -v el , Fd qe , Spo t , Wave , Ri pp l e ,
Undul a tion , and 1t - s c i l l a t i o n .  The ve ct ons in ca-c-h set a - n e  ordered Hy

se q uen c y .  The v e c t o r s  a r e  w cj q h t e d  t o w a r d  t h e  c e n t e r , a l l  a - r e
s y m me t  r ic  or ant I-symm et r ic , and a l l  b u t  t h e  Leve l  v e c t o r s - a - r e
:t- -ro -sum . The vecto r s in e a c h  set are independent , but not
o rtho gon al

The 1x3  v e c t o r s -  f o r m  a- h a - s - i s  f o r  t h e  l a r g e r  v e c t o r  se t s . Each

1x5 vector may he genera -ted by convolving two lx3 vectors . 55 , f o r
instance , ca-n be generated as L3(*)5~~, S3 (*)L3 , or F3(*) F~~. The 1x7
vt ’ctors can be genera -ted H-v c o n v o l v i n g  l x 3  and 1x 5  v e c to r s , or H -v
twice convolving 1 x 3 vectors . The sequency of a generated vector is -

the sum of the componen t  s eq u e n c i es .

We have- investigat ed the disc r imin a nt power  of one-dime nsional
masks. Rot-at i o n — i n v a n i a n t  filters , such a s the Sohel g radi ent

magn it ude , ate only f air as texture me asures. Bettel re sult s a-re 
S

obtained by using dir e ctional masks separately and then combining the

textu r e energy measures . We have applied horizontal and ve t tic a l

masks in pairs , althoug h the d i s c rimi n a nt analyses have not been

constrained to assign equal weights.

The six 3-vectors alone pe r form slightly b ett en than the

elaborate co-occurrence featur es. Thi s- is amazing considering the

simplicity of the texture energy method and the many expe rimental

vindication s of Ha ra lick ’ s co-occurlence statistics. The 5—vector

sta tistics pe r form even better , achievin g 82% cla - s~~ifi ca - t i o n  accuracy.

Using 7-vectors on combining more than one vector size qives no

26

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ — -~~~~ —



L3 = 1 2 1

( L 7 =  1 6 15 20 15 6 1
E 7 =  —l —4 — 5 0 5 4 1

S7 = —l —2 1 4 1 —2 — l
W 7 =  —l 0 3 0 — 3  0 1
R7 = 1 —2 —l 4 —l —2 1
07 = — l 6 —15 20 — 15 6 —l

Figure 3. Center—weighte d Vector Masks

1 2 1 — l 0 1 —1 2 —l

2 4 2 —2 0 2 —2 4 — 2

1 2 1 — l 0 1 — l 2 —1

L3L3 L3E3 L3S3

—1 2 —1 1 0 —1 1 — 2 1

0 0 0 0 0 0 0 0 0

1 2 1 —l 0 1 —1 2 — 1

E3L3 E3E3 E3S3

—l —2 —l 1 0 —1 1 —2 1
- 

- 

2 4 2 —2 0 2 —2 4 —2

—1 — 2 — l 1 0 —1 1 —2 1

S3t. 3 S3E3 S3S3

Figure 4. 3x3 Center-Weighte d Masks
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significant improvement.

N e u r  o l o q  r c a - i  S t u d  n t-S show that the visual cortex c om p u t  es t - - d q e

m e a s u r  e s i n  approximately ten—de q r cc inc n ew~-n t s. We have’ i n v e s t  i t -i t ed
d i a g o n a l  o n e — d i m e n s i o n a l  f e a t u r e s , a l t h o u g h  t h ey  a r e  n o t  pr ept - - r  1
m e m b e r s  of  t h e  s e p a r a b l e  f e a t u r e  s e t s.  Inclusi on of d i a g o n a l  fea t t - i ne s -

imp rov es c las s i fic a t ion a c c u r a c i e s -  s i g n i f i c a n t l y .  ‘ ih e  t-~ — v e c t o n

S t a t l S t i c S  a-lone are suf fi ci e nt to achi eve Bt-,~ c l a s - s i f i c a - t i or’

a c c u r  acv  , close t o  t h e  m a x  i m u m  r e a c h e d  i n  t h i s  st  m v .  The  c on ’ b i  t ’ e i

feature sets h a v e  l i t t l e  m o r e  p o w e r ,  b u t  pr o v i d e ’  i n s i g h t  i n t o  t h e
s e l e c t  ion  p r o c e s s - .  The d i s - c r  i m  m a - n t  f u n c t  i o n s  a - r e  b a s e - i  on v e c t o r s  O k

a - l i  d i r  cc t i o n s -  a -nd s- i a t --s - Di t t en e nt s-- ub s--c t s- a r e s--c I cc e~ r n t he

q i o b a l l y  e q u a l  i : -ed a -nd  a d a -p t  i v e l y  e g u a l i z e d  ca s e s .  \ t - ’t a l l  o~ t e t~

se~ ected features - are e ither Edge s t a t i s t i c s -  on t h e  sv rn r t - - t  t r c  ~:~ - c t

R i  ppl e- , and Csc i 11 at i on  st a t  i st  i cs- . N o n e  o f  the ant i — svrr nr t- - t r i

or Undu lation featu r es w e l t -  t o u n c i  u s e f u l .

Figure 4 show s -  t h e  n i n e  mask s- qenerated by convolving a- v t -’ n t i c a - l

3— vcc t e r with a hot izo nt al ~—v c c t o r .  T h i s -  m a - v  he consid e red a-

cross—pr oduct or- vect or m u l t i p l i c a t i o n  ope r ation , hut c o n v o l u t i o n  ha s-

special sign t i c a n L - e here. We sh a ll e xt r a - c t  text ure information ft err

ima -qe data by convolv m g  w i th the 3x3 masks - . C o n v o l u t  ion with t h e
component one—dimensional masks q i v e s  e x a c t l y  t h e  same  r e s u l t  a-s
convolution with the sep ar a -hlt - lx~ mask .

The n i n e  i n d e p e n d e n t  l x i  m a s k s  f o r m  a- c o m p l e t e  set . P n y  1 x~
m a t r i x  ca-n he exp ressed as a unique line a r  combinati o n et t h e  m a s k s .
The 5x5 masks and 7x7 w a s - k s  a-iso form complete s e t s - , w i t h  even

s t r o n g e r  w e i g h t  i n q  t o w a r d  t h e  center . The  s e p a r a b l e  s t r u c t u r e  ~~t
t h e s e  m a s k s  m a k e s  i t  t e a - s - r H - i c  t o  a p p l y  t h e m  as -  s -p a t  i a - i — d o m a i n  t i l t e r s .

A 5x 5  convo  l u t  i o n , f o r  i n st  on c e  • can  he i mpi  e m - n t  ct-i as -  t w o  ~ x

convol-ut ions , a Sx l anc a 1x 5  c o n v o l u t i o n ,  or  two l x ~ a - n d  t w o  lx~
convolutions.

The t w o — d m m t n s i o n a l  m a s k s  a r e  e v e n  mo r e p o w e r  ful t h a n  t h~ tested

se ts of one—dimensi onal masks . Again the len gth f i v e  m asks - a r e  b e s t ,

a- i though the cv idenc- e is i t --s -s conclusive . Cl ass - i f t  cat ion accut acies
are in the rang e 86% to 8~ %. The a d a p t i v e l y  eq u a l i z ed l x i 4 t-~t - x 5  f e a t u r e

- - - 
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7
s i rb s - t -  t d i f f e r s  f r o m  t h e  5x5 feature subs-ct only by the inclusion of

L 3 S3 , t h t -  n i n t h  and  i a - s t  f e a t u r e  t o  be added . Analyses with 7x7 masks

h a v €  s h o w n  no s i g n i f i c a n t  i m p r o v e m e n t . Selec ted s t a tist ics again
d i f i e r  f rom one analysis to another , but Wave f e a t u r e s  are ra re  and
Undulation features are absent. The consistent inclusion of R5R5 is-

s o m t -  w h a t  s u r p r i s i n g  s i n c e  m a t c h i n g  image structures must be quite
r a r e . T h i s  rn -ask resembles a two—dimensional sine or Bessel function.

The s i r n i l a t  S5S5 feature- is individually very strong , but has li tt le
powe r when combin ed with other features. Apparentl y it meas ures t he
same t exture energy a-s R5R5.

C o m b i n i n g  o n e - d i m e n s i o n a l  and two—dimensional features improves

cl assification accuracy very little. Two—dimensional features enter

t h e  m o d e l s  f i r s t , f o l l o w e d  by a f e w  of the longer vec tor fea t ures.
A g a i n  t h e r e  a r e  f e w  W a v e  and  no U n d u l a t i o n  f e a tu r e s , desp i t e  t h e  f a c t
t h ey  at- c i n d i v i d u a l l y  s t r o n g  d i s c r i m i n a t i n g  f ea tu res .  Ot herwise  the
selection seems somewhat arbitrary .

Two sets of filter masks have been found which work well -

sepa rable squat- c masks and rotated vector masks. Very likely the

human visual sys tem uses rotated cir cul ar masks. For digital image

processing the square masks are the most convenient. This dataset

requires only the Level , Edge , Spot , and Ri pple 5x5 masks.

Classification of 15x15 blocks can be done with accuracies above 86%
using jus t the Level , Edge , and Ri pple or the Level , Spot , and Ri ppl e
subsets .

C l a s s i f i c a t ion Resul t s

The Level (or L5L5) texture energy transform is sensitive to

changes in luminance level . The moving-window averag e , or ~VF
statistic , can be used as a brightness measur e for segmentation
purposes. Standard devia tion , or SDV , can be used as a local contrast

measure. The other filters are inher ently insensitive to low
frequency lum inance changes , and can be made i nva r iant to con t ras t

- -~~~~~~~~ - 
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cha nges by taking the r a t i o  of ABSAVE values to the l’~L5 SDV values.

T h i s  n o r m a l i z a t i o n  r e d u ~~es c l a s s i f i c a t i o n  a c c u r a c y  w i t h  t h e  z e r o - s u m
f i l t e r s  b y a -b o u t  tw~ percentag e points - . The c o n t r a - s t — i n v a r i a n t
fe a tu res - m a y  be used to segment or classify image textures witho u t

prio r histo g r am eq u a li zation. Av e raging of ABSAVE values from rotated

t r i t e r  m a s k s , s u c h  as  I 5 E 5  a -nd F51 5 , c a -n  he used a-s r otation— i nva - ri a - nt

t e x t u r e  meas ures. The u s e f u l n e s s  o f  s u c h  m e a s u r e s  d e p e n d s  on t h e
a t - p p l r c~m t i o n  a r e a .  ~n a g e n e r a l  v i s i o n  sy s t e m  i t  i s  b e t t e r  to  ~se

d irectional me asures , and to a-flow a hi g her level process -or to decide

wh ich t e x t u r e s  a r e  e q u i v a l e n t .

We ha -ye ap plied the co n t r a s t — i n v a r i a n t  trans - forms - to the

composite t exture image. Fiqur e 2 shows  t h e  first two princi ple

cor rpL ’n e n t  pla nes , sea-led and hi stog r am equalized . The third plane

(no t shown) is s i m i l a r  to the second with contra - st in the f i r s t
quadi a-nt reversed . The d i s cr imina - nt dimensions are t h e  same  ones-
t o u n d  w i t h  c o — o c c u r  r e n c e  teat ur es a - n d  w i t h  e v e r y  o t h e r  t e x t u r e  se t  we

have t i t - U . —

d shows t h e  r e s u l t s  of  c l a s s i f y i n g  e v e r y  p i x e l  i n t o  one
ot  t h e  e i g h t  t e x t u r e  c a - te a - o n es. Co e fficients of the cla - ss if ica t ion

f u n c t i o n s  w e r e  L i e n i v e d  t r a m  i 156  sampl es- per  t e x t u r e , or a p p r o x i m a t e l y
1 25 0 of the poss ib le  15x 15 sample WInd O WS .  Twe lve t e x t u r e  t r a n s f o r m s
f r o m  the- 5x5 L e v e l , Edqe , i~pot , and Ri ppl e subs-ct were u s - e d .
P r o c e s s i n g  t i m e -  was  a b o u t  2 5  m i n u t e s  on a- PDP KL 10 .

It  ca -n  be St e-fl t h a t  t h e  l a r g e  b l o c k s  a t  wool , w ater , a-nd weed are

a 1 west pe r  t e c t  lv ci a - s - si f i ed . Cr ass i s- the most poor 1 y classified

w i t h  o n l y  5~ a - c c u r a c v .  M o s t  o f  t h e  m i s - c l a s s i f i e d  Gm ass p i x e l s -  a - r e
lat -b e led Leather , al though other labels a - re - also common . Sand and
P i t - i s - kin a - r e  also confu sed. The 32x3:’ blocks are \‘ery w e l l  s - c p a - r a t e d .

alth oua -h it m a y  he d i t f i c u l t  t o  t e l l  in  t h i s  g r a y — s c a l e  p i c t u r e .  F v cn
the l6x16 blocks a r e  d i f f e r e n t  i a - t e d  t o  an e x t e n t . V i s u a l  ap p e a r a n c e
could he enhanced by l e a v i n g  “doub t ful ” s i xe ls  unc lass if ied .

i i )
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2.3 Au tomatic Generation of N a tural ~extur e Descri ptions

F. Vi lnrotter , R . Nc va - t ia a-nd K. Pr i ce

P r e v i o u s l y  [ 1 , 2 ]  we r e p o r t e d  on some ini t i a l  experiments with a

m e t h o d  f o r  g e n e r a t i n g  d e s c r i p t i o n s  of natural textures. This report

will revi ew the ha-sic method and present the actual description s y s t e m

in more detail. A hi storical discuss -ion is presented in (1 a-nd 21 a-nd

is not included in this - report.

Our goal in texture des cription is to automaticall y generate

desc riptions of texture patterns which a-re similar to those generated

by people  and can a ls o  be used as a- p a r t  of t h e  s y m b o l i c  d e s c r i p t i o n
of objects in a scene . As a f irst step in t h i s  d e s c r i p t i o n  s y s t e m  we
have looked at the problem of describing regular texture patterns.

After some initi al expe r imentation we settled an studying how edge
elements repeat in the texture area - . Edges are less affected by
variat ions caused by no ise and small intensit y changes than the

or iginal image value .
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The b a s i c  o p e r a t  i o n  on an dqe image is to comput e an edge

r~ - p ~- t  it ion a r t  a -v ( e s - s t - n t  i a l l y  t h e  b i n a r y  c a s e  of  a g r a y  l e v e l
c o — o c c u r  n e n c t  z a t r  i x )  . ‘~ h t -  ~ e a r r a y  values ar e- count s of t h e  numbe r of -

t L T -  a an edqe oc curs at a point and at anot he r point at a givP n

d i stance :t-nd d i r e c t i o n .  w t - -  u s e  4 d i r e c t i o n s  with the distanc e ranq i nq

t n ~~m 2 t o  32 (a- e : e  i n  some ca s e s) . S e v e r a l  va t ia - t ions on the basic

computation a :e require d , inv ol v inq the d i r e c t i o n  of the -dg ( t h e

edge detect or product s edqes quantized to 8 directions) . W h e n  l o o k i n g

in the h o r i z o n t a l  d i r e c t i o n  the onl y edges which would correc~~]~ ’

i n Ji ca t~ - the b oundar y of a text u re element would be edges i r a

~e r t l c a i d i r e c t i o n . Corres p ondin g ly in other scan d i r e c t i o n s -  on lv the

pcr ~~end icu 1ar ed q t~ d i r e c t i o n s  a r e  used . O t h e r  r e s t r i c t i o n s  on
a l l o w a b l e  L~~1 I  ect ions ca-n produce - use ful r e s u l t s .  Co nsid er a te x t u r e

f i e l d  com posed onl y o f  v~~m t i c a I  s trip e s - . Fa-e-h stripe would hav e an
edqe  on  e a ch  side , one  g o i n g  u p ,  on e  down . If the arra y s are computed

usin g only those pairs w i t h  op~ osite directio n s -  ( u p  a - n d  down) then

th~ r e should be la - ra e v a - I - a - e s in the re p e t i t i o n  arr a y at di stanc e s

e q u a l  t o  the size of the - s t ri ne s (to d i s t i n a - u i s - h  i ntensity of the

s t r i p e s , d ow n  w i t h  up  i s  s ep a r a t e  f r o m  up  w i t h  d o w n  — later referred

to as th e - d ark and light tota ls - ). A d d i t i o n a l l y , i f  ex a ctl y t h e  same ’
d i r e c t i o n s  are re qui r .~— d t h e n  t h e  s cing of pairs of elements - s h o u l d

u a ; t  l a r g e -  v a l u e s  i n  the - r e petition arra ys. Finally the totals a - r e
n o r r n a l i a e d  b a s e d  on t h e -  total n w z b e r  o f  ed~~es i n  t h e  w i n d o w  1 n the

~ivc n dir ections

Exam: 1 -

~ 
r a f t i a  subw indow a-nd edge image alon g wi th their corre sponding

element s~~acinq a n d  c1erne n~ size qra -phs arm giv en in Fiqure 1. Figure

1 c a -nd  d each  c o n t a i n  4 a - ra -phs , I for each of the 4 sea-ri direct ions~
horizontal , 45 degrees , v e - :ti cc- l , a-nd 135 degrees. The so lid line

rt - pre s e nts dark eien -~- i- it irfor ma t i c- n w hile the broke r , line o r a p h

r e p r e s e n t s  1 i g h t  elem ent i n f o r m a t i o n .  Tht  m o s t  s i g n i f i c a n t  r e s u l t s -  i n
our example occur a-long the vertic d j l s-can d irection; there is a s- - h a rp

peak at 8 and i t s app ro ximate m u l t i p les for b o t h  l i q h t  a -nd  dark

~ 
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oh ~ c t s 1 ri t he v et t r c a - i d i t  e ’L~ t ton e l  ru ri I cpa -c t r ig  g r a -ph  . Thi - v i ’ r I i co I

e I em en  t s - i  z i  q r a -p h sh ows  pea ks- at .‘ a- ri d h r ‘ - i . ’at i nq at r nt e t vo l of 8

Oru - c o u ld  L on e - 1 ude t h a t  i a - i  k et j i - a -  t 5 o f  ‘ I omen t S i 70 2 and I i gh
obj eL t s- of ~

‘ 1 emen t s - i z ’ -pe ’a- t at r n t e t  v a - i of 8

‘l’he pr og r a m  ( t o  he d i s c u s se d  in d e t a i l  b e l o w )  c a l c u l a t e s  ed-u’
i t - p i t it i o n  a t  r a y s  f r o m  t h e  ed~~~- a n d  d i r e c t  i on  im a-q~-s of a textur e

suhwrndow . It t h e n  t n t  or pi i t s -  t h- c - t - r e s u l t s  not m g  evid en c ’ of
p e r  r o d i c  i t y ,  ‘ l e r n e n t  s p i t i n g  a -nd  or  pi t d o r n i n a - n t  i-len ient s - i 7e’ , a-nd

t he i t r el a- t iv e st r enq t ii . Thcse  Li e ’  s -cr 1 p t ions a- r e ’ go n e t  a t  ed t or hot h

da - t k a-nd  l i g h t  oh~ e ct s - in e ’a - c h  o f  4 scan direct ions - .

T h ’  me t  hodo log y o t the pr oq ta-n i is - summa- r i zed below :

1) . The el ement s-p a-c i ng q t a - p h  is - ox a-rn i nod to deter m i ne i f the’ t at e

a - n y  t - lement s p a c i n g  peaks w h i c h  r e p ’ a - t  , i .e . , it t h e r e  a - r e  ma iot ot

ni i tie: pe aks- ( as cli fined 1 at er) at mu 1 t i p1 es- of a- q i v on  el ement spa-c i nq

v a l ire

. ) .  The e lement size g r a p h  is examined to determine if t h e r e i s
suppo rt fot any pot t -nt i a - l element s p a c i n g  v a l u e . S u p p o r t  is

e of ahl i shed to t element spa-c i nq v a - I ire , N , i f t here are mode rate t 0

high peaks at element size values: M , M-+ N , M -+-2N , . .  - f o r  some e l e m e n t
i ze v a I uc M. If such suppo r t cx i st s t h e n  it c a -n  be s-a i d that the t e

is evidence of per i odicity with element spacinq N; and the re is

evidence th at element s of size M repeat with spa -cinq N.

3) . If per i o e i i c i t y  cannot he estahi is -tied t h e n  the elem ent size g r a p h
is s e ar c h e d  t o t  pr edominant element sizes - .

The remainde r of this report w i l l  be a- ties -ct ipt j~~ e’ out line of the

pr oq ram ’ s 2 n d  p a r  t . ‘i’h is pi og r a-ni i s - not in it s- final t erm , a-nd a - i l
r e s - m i  It s- a r e pr el i m i na t y
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The major prog r am sections are as follows :

1). Generation of Ed~~ Re~ e ti t  io n  a r r a y s  - The description of this

section was provided in a previous report [1].

2). construction of PEAK-VALLEY SIGNATURE - A peak-valley signature
is constructed for each of the graphs. It has l’ s in places where
peaks occur , — Us in places where Valleys occur and 0’s in places
which are hillsid es — for examp le , the vertical direction , solid line
graph in Fig . lc h&s signature —1 , 0, 0 , 0, 0 , 0, 1 , 0, 0, 0, 1 , 0 ,

0, 0, 1 for values 2 thru 16. Later in the program , peaks are furthe r

c lass i f ied  as major , minor or subminor &nd the l’ s in the signature
are adjusted to reflect this classification by being set to 3, 2, or 1
respectivel y. This signature is used to provide easy access to
location , width and classific ation of peaks.

3 ) .  ~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~ 
- The

amplitude of each point on the graph is classified as Very Strong ,
Strong , Modera te , %Qeak or Very Weak. These classification s are

assigned according to amplitude ranges , e.g. a point on the graph

which has amplitude greater than 15 would be assigned VERY STRONG as

its ampli tude descriptor , a point whose amplitude lies between 10 and

15 would be assigned STRONG , etc . These descripto rs are stored in the

ampl i tud e descriptor matrix . The constant profile of a graph is c

descriptor which categoriz es a graph in terms of how closely it

approximates a constant. Both of the above are used in the final
(descr i ption generation ) section.

The constant profile of the vertical broken line graph in figure

ic is 0 since this graph does not approx imate a constan t. However ,

the 135 degrees  broken line grap h has a constant profile of 4 since it

approximates a constant fairly well .

4). Collect Peak Information — The following information is

catalogued f o r  each peak for use later in the program :

3 6p
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a) . location of left valley ,

b) . location of ri ght valley,

c) - difference in amplitude between peak and left valle y,

d). difference in amplitud e between peak and righ t valley,

e) . peak width ,

f ) . valley to valley width ,

g) - amplitud e ,

A lis t of peaks is also formed in this section to facilitate the

sequential exami nation of peaks. Peaks with maximum peak-valley

variation (the maximum of c and d above) greater than a predetermined -
floor value are labelled minor peaks (later some of these peaks may be -

determined to be major oeaks). A ll others a r e  submirro r peaks.

5). Extract Major Peaks - A list of major peaks is formed in this

sect ion. A peak is considered to be major if:

a). its amplitude is above a predefined floor value ,

b) . MIN left peak—valley amplitude difference , right peak—v alley

amplitude difference is abov e a predefined floor value , and
c) . its amplitude is above a predetermi ned percentage of the

maximum graph value .

In Fig . ic there is only one broken line graph having major peaks. It

is the v ertical direction broken line graph and its major peaks occur
at 8, 17 , 25 and 26.

6). Determine r~~~~tit ion descriptors - In the first part of this
section the element spacing graph is used while the second part uses

element size information.

a ) .  Use  of e l e m e n t  sp ac in g  9r ap h  - Peaks are classified as
major , minor and subniinor. Subminor peaks are too weak to be used in
this section.

37 U --
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The f i t  s-t  m a  j o t  peak i s- cc -r i t i l t ’  t i’d as  a po 5:; i t  - i i ’ i’ I ern i ’ u t  sp . ’c - r

v a lu e. (uit’cks- ate math to ds ’t i- i  m i n e ’ rt  pt - a - k s  e c c u u  a t  m m i i t i t - I  i -s of

h i s -  va lue . Then t hi ’ ap p i  op t  r . t t i - l i - s - c t  I pt o t  t : ’• a - s - - s  i -m ed as-  f o l  It ’w:-

— Tb i s- t l t ’ s c t  i pt c - u  s- a s s  r ‘m ned i f i’ ’  c h mu 1 t i p i t - o f  t hi ’ v a- I ir , -

be i nq cons - i d i r  ed s- t hi ’ 1 ~~ at i on o I - a ma ~ ot  ~~i’ a-k . At  I ea- ct Oft ’

r e  pt t 1 t ion ni m r s - f  he f o u n d  .

2 — Tb is  L i t ’ ~- c r  r p t o t i s a - s - s -  i ‘1 nt ’ .i i I at h-a s t one m u  I t i pI t ’ o f t h i ’
v a - i  u t  be r nq c o n s  i d i  - t i ’d I S t h i ’ 1 oc a- t r on o i iii a- em pi ’ a-k and t hi ’ t t - s - t
ar c at  leas - t ni m e t  p eak : ; . At li -a - s t 1 u i ’pt’ t i t  i c - n  r n m r s - t  i ’ t ’ I o i a -ndl

— 
~amt ’ •i s  I c r 2 wit ii t hi - t ’x ci ’p u i o n  t h ,  t o f t ’ of t h i ’ i p et  it 1 V t ’

pt -a - k s -  i s -  m i s - s - i n t l . i n  t h i s  c , l s - t ’ ,it 1 t a - c - f I u p~~t i t  i o n s- m u s t  1’~’ f o u n d .

0 — n o n e  o f  t hi ’ , ib ov i ’ ~
‘ ,ls -i’ a- pp l  V

I f t hi ’ J i ’s - c t m p t  0! i s- g r t ’a- t i ’ r t I i  a n  a - i ’ i ~~‘ a- i i r i - p ’  t i t I Of of

pi ’ a - k  p i  i - s e n t  1 y h i ’ j rig con s -  i d  i - i  (- r  a- i ~ ‘ t , c - i  i i i  - d . The li i ’ x t pt a k t o ~~~~‘

c o n :: I d  t ’ l  ~~l m :-  t h i ’ n e x t  un t ,1L1~ i i 1 ma - ~~~~ i j ’i ’ a k .

~ he pi oci ’ s-s c t ’n t  i nut ’s- un t i 1 a - i I i i n t  , i a - i i ’ d  i ra  ~ i’ r pi ’ a - k s - a i  c-

t a - t i  g c - t  i a - i d .

h i  . ~1 s-i o f  i - l i - i n - n t  s - i  a - i ’ 1 t  a -p h — - The  i l  c - m o n t  s - i  .~e g i  - p t  i s  u s - i ’tI

t o  1 e t id  s -u p p o  t t t 0 t he e’\’ i ~ nct’ f 0 i r t i d  i i i  a -

1-’ 1 a - n t - n t  s -pa .~’ t ri g v a- h i t s- - t c c i i i— i d e - t  ~‘d r n o t  di ’ I o f  d o o r  ec- s- i h g

pos -  i t  l v i ’ i t -p e  t i t i O r i  g i ’ s - c t  i pt o r  v a -  l u e  , s - ; y  P i , ~i t  t t ’ihii I n e d  in 1 a- . 1 f it

I S ob s - i ’  t v i ’ti t h a t  p e a k s -  ~-c, iii at I oc at i ens - T’~ , N 4N , N i  ‘N , . . . I c-I

l i -m ont s- i a- i ’ N a- rid ~- 1  omen t cpa-c i nil v o l  t ie N f l i e n  I h i ’ s - I  a - i ’ r t ’pi ’ t i t i o n
de :.~~‘ t ii ’ I ci , s -a -v  ~ 2 , t o l  N r s s - o f  t - ‘ , .‘ , I or  I) a - s  i ’ X p 1 - ‘ i ne~i in a .

N~ ’l 1- : Wiii ’ti i t ’ p t ’ t  i t j e l l :: a - l i ’ l ’ i - 1 n i ~ 1 : ou g h t  a- f l l ,1 l  g u i  o f  i. ’ t o f l i t ’ 1 — t I

a- rid I 1 h t  i s- g i  v en

— 
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If t he d e s c r i p t o r produced w h i l e  co n s i de r ing elemen t s i z e  N is
greater than zero repetitions - of the peak namel y M+N , M+ 2N ,... are

both temporarily and permanently tagged . For a given N , D2 is

maximized over elemen t size peaks which are not temporaril y tagged .

Af ter all element size peaks which are greater than subm i nor peaks and

which are not temporar ily tagged are considered the temporary t aq s  are

rese t and the next element spacing value is considered .

If the descriptor produced while considering element size N is -

g reater than zero then element size , M , i s ass i gned an o rdered pai r ,

say <S 1 ,S2~” , where Si is the spacing value N a-t which the size value M

repeats and S2 is- the repetition descri ptor currentl y produced . SI
and S2 are rese t  only if t he cur ren t  desc r iptor produced is - g reater

than the cur r en t value of 52 , i.e., 52 is max im ized  over element
spacing values wi th positive Dl.

The repeti tion descri p t o r s  Dl and D2 associated with untagged

element spacing peaks as well as the ordered pai rs <Sl ,S2” associated

with non—permanently tagged element size peaks are considered when

descr i ptions are bein g generated in the interpretation section

described below .

For the set of graphs in Figs. ic and d the vertical element

spac ing value 8 has D1=D2=3 for both light and dark objects. The

ve rtica l, element size values 2 (for dark objects) and 6 (for bright

ob jec ts ) have <Sl ,S2>=c,8 ,3”

7). Inter~~~etation Section - A simplified outline of this section is-

given in Fig. 2. If all of the case statements and nested

conditionals were expanded this section would essen tially consist of a -

set of production rules of the form:

IF (COND1 AND COND2 AND.. .AND CONDN )

THEN PR INT (”APPROPR IATE DESCRIPTIVE MESSAGE ” ) .

_______ C-  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — --- ,.—,---
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INF~~I~MATION ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ELEMFNT SIZE ‘1~~
CONSTAN T PI~)F I LE FOR
ELEMEN T SIZE GRAP H 

GRAP H APPROXIMATES A
CONSTAN T ?

NOTE : NO EVI DENCE OF
PERIODICITI  OR
PRE DOMINAN T E LE MENT
SIZE

CONSTAN T PR O F I L E  FO R E LEMEN T SPACING YES

ELE MENT SPACING GRAPH APPROXIMA TES A

G RAP H CON STAN T 7

NO TE: NO EVIDENCE OF
PERE ODICITY

NO 
_ _ _ _ _ _ _  _ _ _ _ _ _

NAME POSSIBLE -

~ELEMENT SIZE VALUE S
LIF ANY

AMPLITUDE DFSCRIP~IDR &
REPETI TI ON DESCRI P’IO RS DOES IRS
D1 , D2 FOR EACH UN TAGGE D EVI DENCE OF PEP .I OD I CITY
ELE ME NT SPACING PEAK WHIC H EXIST ?
IS AT LEAST MAJOR NOTE : STRENG Th OF

EVIDENCE AND ELEMENT
NO SPACING VALUE

AMPLITUDE DESCRI P’I~JR &

ORDERE D PAIR <Si , S2> DOES
FOR EACH UN TAGG ED EVIDEN CE OF P R EDO MINAN T YES

ELEMENT SIZE PE AK WH I CH ELEMENT SIZE EXIST ?
IS AT LEAS T MI NOR NOTE : STRENGTH OF

EVIDENCE AND ELEMENT
SIZE VAL UE

NO

NOTE : ELEM ENT SPACING
VALUE AN D STRF,NGTH OF
SUPPO RT IF ANY

Fig. 2. Texture Interpretation Algorithm
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A small subse t of these expa nded production rules follows :

Rule 1 : IF(Element size graph closel y approx imat es a constant)

THEN PRINT(”No eviden ce of periodicity or predominant
element size ” )

Rule : IF(Elem ent spa c ing qraph closely approximates a constant)

AN D (Element size grap h has cons tant profile 0)

AND (There exi sts a major pea-k at element S i Z O value N with - -

amp li t ude des cr ip t or STRONG )

THEN PRIN T (’Nc evidence of pe i iodicit-y. STRONG evidenc e of

element size of N ”)

~~~~ 
3: IF(Element spa-c inq graph has constant profile 01

AND (Element size graph has - constant profile 0)

AND (There is a major peak at element spacing value , N ,

having amplitude descriptor STRONG)

AND (Elemen t Spac i ng rep e t i t ion desc r ipto r , DI , fo r N is - ~)

AND (Element s-iZe repetition desc ri ptor , D2 , fo r N is - 3 )

THEN PRINT (“The r e i s  V E R Y  STRONG ev i den ce of  pe r i o d i c i t y
wi th element spacing N”)

Rule 4: IF (Element spacing grap h has constant profile 0)

AND ( E l e m e n t  s i z e  g r a p h  h~~s c o n s t a n t  p r o f i l e  0 )
AND ( T h e r e  is  a m a j o r  p e a k  a t  e l e m e n t  s i z e  v a l u e  N )

AN D (Ampl it ude desc r iptor fo r N is at leas t STRONG )

AND (N is - - not permanently tagged)

AND (S 2 a s s o c i a t e d  w i th N is 3)

THEN P R I N T  (“There is STRONG evidence of element SiZe N with

STRONG support for element spacing ~ l” )

= The constan t p r o f i l e  of a ~ir aph is - defined in the description of

program Section 3 . R e p e t i t i o n  d e s c r i p t o r s  Di , D2 , (Si, S2) a-re

I 
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defined in the des cr iption of program section 6. Taqqinq is also

discussed in that section. Since the prog r am is not in final form use

of  t h e  r u l ~~s l i s t e d  above  is  t e n t a t i v e .

The de s - c r ipt ion g e n e r a t e d  f o r  t h e  set  of g r a p h s  g i v e n  i n  f i q u r e  I -

is given in f i g u r e  3.

Resul t s

The mosaic p ictured in figure 4a contains 2 sample images - of

r a f f i a  in the top - row and 2 sample images of her r ingbone mat e r i a l  in

the 2nd row. Figur e 4b contains the corresponding edge images for

these samples. The highl y re gular patterns - of r a f f i a -  a-nd her r inq ho n e

materi a l produces strong pe riodic patterns in the plots - of t h e  edqe

r epetition arra ys given in Figures 5-8 a- and  h .

The m o s t  s i g n i f i c a n t  r e s u l t s  f o r  r a f f i a  a r e  seen  i n  the vertical

scan di r ecti o n . Majo r- peaks repeat at multi ples of 8 or q 
~~ the

ve rtical element spacing graphs (Figs. 5a , 6al . l i k e w i s e  p e a k s  a t  2
( t o t  d a r k  obj e c t s )  and 6 (for light objects) repeat at incr ements of

8 in the vertical element size graph s- (Figs. 5h , 6b) . This - would

t end to indic ate that dark elements of size 2 r e p e a t  w i t h  a- spacing of

8; a -nd  t h a t  l i g h t  e l e m e n t s  of  s i z e  6 r e p e a t  w i t h  a- s p a c i n g  of  8.
The automatic deacr ipt ions for r a ffi a given in Figur e s ~c , 6c report

similar eviden ce. This is consistent with the tes ults for the s-ample

of r a f f i a  discussed e a r l i e r  (see Figu r e s- i , fl . Less s i g n i f i ca n t  is

the p eriodic result found in the hori 7ont 3l scan direction for - d a r k

objects. Dark o b j e c t s  w i t h  w i d t h s  of  r o u g h l y  b e t w e e n  7 a-nd Q r e p e a t
with c ltm en t spacing 11 (Fig . ~a ,b and 6a- ,h) . The ho r i~~on t a - l dark

elemen t graphs lend s t r o n g  s u p p o r t  to r t- ~i u l a - r i t y .  However , the

amplitude of the peaks in the element size graphs is so low th at

element size evidence is conside red weak (Fi gs. 5,6b a-nd cl . The oni

other evidence worth noting in the horizontal scan direction is the

evidence of clement size 2 f o r  I i g h t  o b j e c t s - .  No e v i d e n c e  e t
p e r i o d i c i t y  is f o u n d  f o r  l i q h t  o b j e c t s .
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FILENAME = RAFFIA.TST

DARK OBJECT DESCRIPTIONS

H O R I 2ONT A L S C A N  D I R E C T I O N

THERE IS  STRONG E V I D E N C E  OF P E R I O D I C I T Y  W I T H  ELEMENT SPACING 11.00000

THERE IS STRONG E V I D E N C E  OF P E R I O D I C I T Y  WITH E LEMENT SPACING 12 .00000

THERE IS WEAK EVIDENCE OF ELEM ENT S I Z E  10 .0 0 0 0 0  L
WITH STRONG SUPPORT FOR ELEMENT SPACING 11.00000

45 DEGREE SCAN DIRECTION

NO E V IDE N CE OF P E R I O D IC I T Y  OR PREDOMINANT ELEMENT SIZE

VERTICAL SCAN DIRECTION

THERE IS VERY STRONG EV I DENCE OF P E R I O D I C I TY W ITH ELEME N T S P A C I N G 8.000000

THERE IS STRONG EVI OENCE OF’ ELE ME NT S I Z E  2 .000000
WITH STRONG SUPr-’ORT FOR ELEMENT SPACING 8.000000

135 DEG REE SCAN DIRECTI O N

NO E V I D E N C E  OF P E R I O D I C I TY O R PR E D O M I N A N T  ELEMENT S I Z E

LIGHT OBJECT DESCRIPTIONS

HORIZONTAL SCAN DIRECTION

NO EVIDENCE OF PERIODICITY
MODERATE EVIDENCE OF ELEMENT SIZE OF 2.000000

45 DEGREE SCAN DIRECTION

NO EVIDENCE OF PERIODICITY OR PREDOMINANT ELEMENT SIZE

VERTICAL SCAN DIRECTION

THERE IS STRONG EVIDENCE OF PERIODICITY WITH ELEMENT SPACING 8.000000

THERE IS STRONG EVIDENCE OF ELEMENT SI 1- 6.000000
WITH STRONG SUPPORT F OR ELEMENT SP A C I N G  8 . 0 0 0 0 0 0  H

135 DEGREE SCAN DIRECTION

NO EVIDENCE OF PERIODICITY OR PREDOMINANT ELEMENT SIDE

Fi g. 3. A utomatic Description of R a f : i a  in F i g .  1

-  
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b)  RAFi’IA.TST 22 Element  Size Graphs

F ig .  5. RAFFI A.TST22  Edge Repet i t ion  Resul ts  and
Automat i c  Descr iption
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FILENAME = RAFFIA.TST22

DARK OBJECT DESCRIPTIONS

HORI ZONTAL SCAN DIRECTION

THERE IS STRONG EVIDENCE OF PERIODICITY WITH ELEMENT SPACING 11.00000

THERE IS WEAK EVIDENCE OF ELEMENT S I Z E  7.000000
WITH STRONG SUPPORT FOR ELEMENT SPACING 11. 00000

TH E RE IS WEAK EVIDENCE OF ELEMENT SIZE 8.000000
WITH STRONG SUPPORT FOR ELEMENT SPACING 11.00000

THERE IS WE AK EVIDENCE OF ELEMENT S I Z E  9 . 0 0 0 0 0 0
WITH STRONG SUPPORT FOR ELEMENT SPACING 11.00000

45 DEGREE SCAN DI RECTI ON V
NO EVI DENCE OF PERIODICITY OR PREDOMINANT ELEMENT S I Z E

VERTICAL SCAN DIRECTION

THERE IS STRONG EVIDENCE OF P E R I O D I C I T Y  WITH ELEMENT SPACING 8.000000

THERE IS STRONG E V I D E N C E  OF P E RI O D I C I T Y  W ITH ELEMENT SPACING 9.000000

THERE IS STRONG EVIDENCE OF ELEMENT S I Z E  2 .0 0 0 0 0 0
WITH STRONG SUPPORT FOR ELEMENT SPACING 8.000000

135 DEGRE E SCAN DIRECTION

NO EVIDENCE OF PERIODICITY OR PREDOMINANT ELEMENT SIZE

LIGHT OBJECT DESCRIPTIONS

HORIZONTA L SCAN DIRECTION

THERE IS MODERATE EVIDENCE OF ELEMENT SIZE 2 .000000

45 DEGREE SCAN DIRECTION

NO EVIDENCE OF PERIODICITY OR PREDOMINANT ELEMENT SI Z E

VERTICAL SCAN DIRECTI ON

THERE IS STRONG E V I D E N C E  OF P E R I O D I C I T Y  WITH ELEME N T SPACINC 9.000000

THERE IS STRONG EVIDENCE OF ELEMENT SIZE 6.000000
WITH STRONG SUPPORT FOR ELEMENT SPACING 9.000000

135 DEGREE SCAN DIRECTION

NO EVIDENCE OF PERIODICITY OR PREDOMINANT ELEMENT SIZE

C ) .  Automatic Descri pt ion of RAFFIA .TST22

Fig. 5. CONTINUED
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F’ I 1.1- N.\MI- = RA FF’ I A . 1’5T2 4

DARK OBJECT D E S C R I P T I O N S

IIOR I ZON 1’.\ I - SCAN 1)1 R~ C’}’ I ON

THERE u; S I’R0N~ I-:VI1’ENCI-: 0~-’ I’1- R101 ”ICl ’l ’Y WITh [Ih ~MEN’l’ SItACI NC II .  00000

THERE i S  S T R O N G  t X !  Di-: N C!-: o~- ’ ‘!-;IU T h h C I ’ f l ’  i~~1TI I  I I  “ I t - N T  0h’ACINc I .’ . 00000

T H E R E  IS  W E A K  t - X I 1 ~~.N C1 - - 01- ’ I Z ’ T ~1’\ :  S I Z }- ~ -‘ . 0 000
W I  i l l  S T R O NG  S & ! ’ t ’ ~ ’R’i’ t-’OR l l ’~~f l - N T  0 t ’ A ~ ’ I N , :  i i  . oo oo ao

TH E R E  IS WEA K I-~V I  I T h N C t -~ OF’ 1-~I . I - M l : N I ’  SI .’l- q

W I TI! STRONG S I PPOR T I - ’~ R E I , E M I  - N I ’  S l’ - \ ’  I N G ii . 0 00 0  0~~

45 DEGREE SCAN 1)1 Et -~C I ’  i O N

NO ~.T ~‘t : N C l -~ OF’ PERIODICITY OR 1’ ‘ O N l  ‘~ A~~ I’ l- I I- MI- ~N ’I’ S I  Z!-~
d

VERT I CAL SCAN DI Rl-:C i’ION

THERE IS VI- RY S i ’ R O N ~ : l-VIP1- N CI- OF’ l’ER TOI ”ICITY W I T H  E L E M E N T  SI’AC INC 8 . 00 0 0 00

THERE IS VERY STRONG 1-~\’T Dl - N CE OF’ P E R !  01)1 C I T Y  Wi Til ElEMEN t’ SI’AC ING 0 0 00 0 0 0

THERE IS SI ’RON l - V  I 1) l - N C1- 0 1-’ ELEMEN ’1’ S I ZE 2 . 1) 0 0 0 0 0
WI TI! STRON G SUP PORT FOR I-1 . l - M1- N l’ S I ’AC I NC i~ . 0001)00

1 )‘~ DEGREE SCAN D I R E C T I O N

NO E V I D E N C E  OF’ 1’i- i~ 101) 1 C I T Y  OR PRI -~Dt ) M I N A N ’ I ’  ELl-~MEN ’I’ S I Zi-~

LI GIlT OBJECT 1) 1 5C E l  PT I ONS

HORIZONTAL SCAN DIRECTION

THERE 15 MODI - RATE t x  i Dl-: N CI-: 0t~ El.E MEN ’l’ I 2 l- 2 . 0 0() 0 0 0

4 ‘~ Dl -~GR1-~E SCAN DIRECTION

NO t X !  D EN C E  OF’ PI-~RIOI)! CITY OR PR1 - fl0M1 NAN’l’ El EMI-~NI’ S t  Z1-~

VER’!’ ICAL SCAN D I R E C T I O N

THERE I S  S l E O N C  LXI 1)l - :NC1 - ~ 01-’ P E R I O D I C I T Y  W i T H  l - : I - t - : M t - : N i ’  S I ’ A C 1 N C  0 . 0 0 0 0 0 0

THERE I S S I ’ R ON C  l x i  Dt- N CE 01-’ I ’ l - : R l O f l l  C 1 T Y  WI ’!’ !!  E1 1-~Ml-~N’l’ 1’AC INC ‘~ . 0 ) 0 0 0 0

‘I’HERE : IS STRON (;  E V IDE N C1 -~ OF E1.EMEN’I’ S I 2I- t ’ . O O i ) 0 0 0
W I T h  o I ’ R o N ~ ; SUP PO R ’I ’  l- ’OE I-~I E ~ I t - : N ’1 ’ S P A ’ I N C 0 . 0 00 0 0 0

1 C~ DE GRE E 0~ ’ -’\N I ) I R I - C T T O N

NO F~~’ I fl1-~N Ct- ~ 01- ’ PER I N) I Cl TV OR PR1- DOMI NAN’!’ El 1-~MI- N’i’ S 1

c) An t oma t i c Pc s-c r i  ‘I i on , t R A F t ’  I A. I’S’!’.’ 4

I’ i • h • CON’r l N 1 1 1 - 1 )
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The most significant results for herring bone material are seen in

the horizontal direction s. Major element spacing peaks repeat at
multi ples of 11 and 13 for both light ar .d dark objects in the

horizontal and vertical scan  directions respectively (see Figs. 7a ,
8a ) . The element s ize  grap hs for herringbone mate rial show that there

are 2 predominant element size peaks which repeat at intervals of II
in the horizontal scan direction. These peaks are found roughl y at

element size values 4 and 8 for da rk objects and 3 and 9 for light
objects (see Figs . 7b , 8b) . L i k e w i s e , there are  2 predominant element
size peaks which repeat at intervals of 13 in the vertical scan
direct ion. These peaks are found roughly at element size values 3 and

10 for dark objects and 3 and 9 for light objects (see Figs. 7b , 8b) .
The automatic descri ptions of herring bone materi al given in Fi gures
7c , 8c i n d i c a t e  t h a t  t h e r e  is e v i d e n c e  t h a t  t h e  h e r r i n g b o n e  m a t e r i a l
samples are regular with spacing 11 in  the horizontal scan direction

an d 13 in t h e  v e r t i c a l  scan  d i re c t i o n ;  and  that t h e  p r e d o m i n a n t
elemen t sizes for dark and l i g h t  o b j e c t s  in these  scan  d i r e c t i o n s  a r e
found at approximately element size value s 3 and 10.

The mosaic pictured in figure 9a contains 2 sample images of wood
in the top row and 1 sample each of water and San Francisco in the

bottom row. Figure 9b contains the corresponding edge images f o r
these  s ample s .

The most signif icant results for wood and water occur in the

horizon tal scan direction. The most salient characteristic of the

ho rizontal graphs of these samples in the major peak occurring at

eleme~~t size value 2. (see Figs. lOb , llb , l2b) • Each of the

automa tic descriptions (Figs. lOc , llc , 12c) note strong evidence for

elemen t s ize  2 for for dark  and li ght object in the horizontal scan

direction. An elemen t spacing value of 4 is strongly indicated for

b o t h  d a r k  an d l i g h t  o b j e c t s  in  t h e  h o r i z o n t a l  scan d i r e c t i o n  of t h e
water subwindow ; while only 1 of the wood subw indow descriptions

indicates evidence of periodicity and this only for light object in
the horizontal scan direction.
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F’ I l I 1 N A M 1 -  = I IBO N E .TST 1

DARK OI)J L - C’I’ DESC RIP’I’ I ONS

1IORI ZON’1’ AI. SCAN DIRECT I ON

THERE IS VERY STRON G EVII ) ENC E OF PERIODICITY WITH ELEMENT SPACING 11.00000

THERE IS MODERATE EVIDENCE OF ELEMENT SIZE 4.000000
WITH STRONG SUPPORT FOR ELEMENT SPACING 11 .00000
THERE IS MODERATE EVIDENCE OF ELEMENT SIZE 8.000000
WITH STRONG SUPPORT FOR ELEMENT SPACING 11.00000

45  DEGREE SCAN DIRECTION

NO l -X I D E N C E  OF PE RI ODI c 1’r Y OR PREDOMINANT ELEMENT S I Z E

VERT I C A L  SCAN D I R E CT I ON

THERE IS V E R Y  STRONG EV I D EN C 1-~ OF P E R I O D I C I T Y  WITH ELEMENT SPACING 13 .00000
THERE IS MODERATE EVIDENCE OF’ ELEMENT S I Z E  3 . 0 0 0 0 0 0
WITH STRONG SUPPORT FOR ELEI4EN’r SPACING 13 .00000
THERE IS MODE RATE EVIDENCE OF ELEMENT S iZ E  4 . 0 0 0 0 0 0
WIT !!  STRONG SUPPORT FOR ELEMENT SPACING 13.00000

‘I’IIERE IS WEAK EV IE )ENCE OF ELEMENT S I Z E  5. 0 0 0 0 0 0
W I T H  STRONG SUPPORT FOR ELEMENT SPACING 13.00000

‘rIIERE IS MODERATE EVIDENCE OF ELEMENT SIZE 11.00000
W I T H  STRONG S U P P O R T  FOR ELEMENT SPAC I NG 1 3 . 0 0 0 0 0

135 DE GREE SCAN DIRECTION
NO EVIDENCE OF PERIODICITY OR PREDOMINANT ELEMENT SIZE

LIc,H’r OBJEC’r I)b-5CP1 PTIONS

II OR I ZONTAL SCAN DI RECTION

TH ERE IS STRONG EVIDENCE OF PERIODICITY WITH ELEMENT SPACING 11.00000
THERE IS STRONG EVIDENCE OF ELEMENT SIZE 3.000000
W I T H  STRONG SUPPORT FOE ELEMENT SPACING 11.00000

THERE IS WEAK EVIDENCE OF ELEMEN r S I Z E  9 . 0 0 0 0 0 0
WIT !! STRONG SUPPORT FOR ELEMENT SPACING 11.0 0 0 0 0

4 ’~ DEGREE SCAN D I R E C T I O N

NO E V I D E N C E  OF P E R I O [ ) I C I T Y  OR PREDOMINANT ELEMENT S I Z E

VERTICAL SCAN DIRECTION

THER E IS VERY STRONG E V T D E N C l -~ OF’ PERIODICITY WITh! ELEMENT SPAC ING 1 ~ . 0 0 0 0 0

T H E R E  IS MODERATE EVIDENCE 01” ELEMENT SIZE 3 .000000
WITH STRONG SUPPORT FOR ELEMENT S P A C IN G  13. 00000

THERE IS MODERATE EVIDENCE OF ELEMENT SI2- l-~ 9 .000000
WIT!! STRONG SUPPORT FOR ELEMEN’r SPACING 1 1 .00000

1 iS DEGREE SCAN DIRECTION

NO I-Xl I)h-~NCt-~ 01-’ P E R I O D I C  ITY
Wl’N\K E V I D E N C E  OF ELEMENT S I Z E  OF 4 .  2 4 2 ’ 4  1

WEAK II V IDE N C1I OF El EMENT 512 11 OF 12 . 7 2 7 0 2

c) Autom a t i c Do s c r i p t  ion  ct I IITIO N 1I . TSP I

1- ’ i q .  1. CONTINUED
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FILENAME = H B O N E . T S T 2

DARK OBJECT DESCRIPTIONS

HORI ZONTAL SCAN DIRECTION

THERE IS VERY STRONG EVIDENCE OF P E R I O D I C I T Y  W I T H  ELEMENT S P A C I N G  1 1 . 0 0 0 0 0

THERE IS MODERATE EVIDENCE OF ELEMENT S I Z E  4 . 0 0 0 0 0 0
WITH STRONG SUPPORT FOR ELEMENT S P A C I N G  1 1 . 0 0 0 0 0

THERE IS MODERATE EVIDENCE OF ELEMENT S I Z E  8 . 0 0 0 0 0 0
WITH STRONG SUPPORT FOR ELEMENT SPACING 11.00000

THERE IS MODE RATE EVIDENCE OF EL EMENT S I Z E  9 . 0 0 0 0 0 0
WI - r i! STRONG SUPPORT FOR ELEMENT SPACING 11.00000

45 DEGREE SCAN DIRECTION —

NO EVIDENCE OF P E R I O D I C I T Y  OR PREDOMINANT ELEMENT S I Z E

VERTICAL SCAN DI RECTION

THERE IS VE RY STRONG EVIDENCE OF P E R I O D I C I T Y  WITH ELEMENT SP A C I N G  1 3 . 0 0 0 0 0

THERE IS  MODERATE EVIDENCE OF ELEMENT S I Z E  3 . 0 0 0 0 0 0
WITH STRONG SUPPORT FOR ELEMENT SPACING 1 3 . 0 0 0 0 0

TH E RE IS MODERATE EVIDENCE OF ELEMENT S I Z E  4 . 0 0 0 0 0 0
W I T H  STRONG SUPPORT FOR ELEMENT SPACING 1 3 . 0 0 0 0 0

THE RE 15 MODERATE EVIDENCE OF ELEMENT S I Z E  1 0 . 0 0 0 0 0
W I T H  STRONG SUPPORT FOR ELEMENT S P A C I N G  1 3 . 0 0 0 0 0

135  DEGREE SCAN DIRECTION

THERE IS  STRONG EVIDENCE OF P E R I O D I C I T Y  WITH ELEMENT S P A C I N G  8 . 4 8 5 2 8 2

THERE IS  WEAK EVIDENCE OF ELEMENT S I Z E  4 . 2 4 2 6 4 1
W I T H  STRONG SUPPORT FOR ELEMENT SPACING 8 . 4 8 5 2 8 2

L I G H T  O BJECT I ) ESCRIPTI O NS

HORIZONTAL SCAN D I R E C T I O N

THERE IS  VERY STRONG EVIDENCE OF P E R I O D I C I T Y  WITH ELEMENT SPACING 11 .00000

THERE IS  VERY STRONG EVIDENCE OF P E R I O D I C I T Y  WITH ELEMENT SPACING 12 . 0 0 0 0 0

THERE IS STRONG EVIDENCE OF ELEMENT S I Z E  3 . 0 0 0 0 0 0
W I T H  STRONG SV ’PORT FOR ELEMEN ’I’ S P A C I N G  1 1 . 0 0 0 0 0  - 

-

THERE IS  MODERATE EVIDENCE OF E LEMENT S I Z E  8 . 0 0 0 0 0 0
W I T H  STRONG SUPPORT FOR I1T.EMENT S P A C I N G  1 1 . 0 0 0 0 0

4 5  DEGRE E SCAN D I R E C T I O N

NO EVIDENCE OF P E R I O D I C I T Y
WEAK EVIDENCE OF ELEMENT S I Z E  01-’ 2 .820427

VE RT I CAL SCAN D I R E C T I O N

THERE IS  VERY STRO N G E V I I ) I I N C E  OF P E R I O D I C I T Y  WITh ELEMENT S P A C I N G  1 ~~. 0 0 0 0 0  
-

THERE IS  MO DI-; RATE 1-~V I 1 ) 1 1 N C t 1  01- ’ R I I I M E N T  S I  211 3 . 0 0 0 0 00
W I T H  STRON G SUPPORT FOR ELEMENT S P A C I N G  1 3 . 0 0 0 0 0

T H E R E  IS  ~I ODE R A TE lxi  PI -:N CE OF E l E M E N T  S I Z E  ‘1 . 0 0 0 0 0 0
WIT!!  STRONG SUPPORT FOR EL E MENT S P A C I N G  1 1 . 0 0 0 0 0

I l’ DEGREE SCAN D I R E C T I O N

NO E VIDENCE OF I’E R 101) 1 C I T\’
WEAK E V I D r N I ’ 1-: 01-’ E I E M I I N ’ r  0 1 21 1  01-’ 4 .

WEAK F. Vt1N~N CK OF l-N.1 ’IEN ’1’ S I Z E  01-’ 12 . 7 2 7 ’ 1 2

c ) Autom .i t i c Dc’ s c r i pt  io n  of  I IRO N E . TST.’
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2.4 Pro bability Density Function of the Sinqular Values of a Random

T e x t u r e  F i e l d

Behnam As hj a r i

Singular values of a samp le ma t r i x  or pi ct ure can be cons ide red
as descriptor or featu re s of the matrix or picture elements and their

in ter- rel ati onshi ps. Al t houg h s ingular  va lue decomposit i on , in the
recen t yea rs , ha s gained applications and import ance , there has no t

been any statistical treatment of the subject. What follows is the

results of a systematic treatment of this ouhject . For det a i l s  and
derjv at ions , the reader can refer to [ f l.

~~~~~~~~~

A general kxn matrix 
! 

can he d e c o m p o s e d  i n t o  t h r e e  m a t r i c e s  as

f o l l ows :

-~ ~ V
I 

( 1 )

where , tj is a kxk otthoqon al wa tt ix such that

~ ~1 = (2)

and  V I S  3 nxk o r t h o g o n a l  m a t r i x  ou c h  t h a t

V vT

and , S is a dijoonal m a t r i x  whose element s ate rea l , a nd p o s i t i ve  and

are called singular values of F. It the elements of S a r e  arranq ed

a c c o r d i n g  to  a d e s ce n d  i n q  o t d e t  , t h e n  the d e co m p os i t  i o n  (I) w i l l  1 0

u n i que . I t  c a n  he’ sh own that

- ~~~~~~~~~~~ ‘



~~~~~~~~~~~ 
_ _ _ _ _ _ _ _

F F T
U A (JT (4)

and ,

FT F = V A V T 
(5)

where ,

A = ( 6 )

~2~~i ~~ ~~2~2 ~~~~~i2!2 ~~22.~1

The concept of zonal harmonics of a posi tive definite symmetric

m a t r i x  has been introduced in [21 . A detailed study of this concept

has been p r e s e n t e d  in [3). Consider a KxK p o s i t i v e  d e f i n i t e ,

symmetric matrix A. Let V be the vec tor space of homogeneous

polynomials of degree P in the dis tinct elements of A. It can be

proved that VP decomposes into a direct sum of irreducible invari ant

subspaces V~ . ,~l is a partition of P into not more than k parts such

that p 1+p 2+ .. ~~~~~ 
and p1>p2 > . - .>pk. For every value of p, there are

a numbe r of possible partitions shown as ~~~
} . The polynomia l

( t r A) ~~cV~ has a unique decomposition into polynomials C11 (A)~~V,1~
r e p r e s e n t e d  as in ( 7 ) :

( trA )~~ =~~~~~~ C (A) (7)

ft ft

where , C
,h
(A) is the zonal pol ynomial of m a t r i x  ~ with respect to the

part ition ~t? of P and means summation over { ,* } .  Zonal polynomials

can be obtained analyticall y and in the following derivations , they
can be evaluated computat ionally up to a desired degree of accuracy.

For a more detailed introduction to the zortal representation of a

- 1~ - - 

~~~~~~~~~ 
- -



symmetric space , the reader is referred to E l ] .

c~~

Let F be a kxn (k<n) matrix whose elements are normally

dis tributed with correlation in column and row directions. Let KC and
be cova rian ce matrices for column and row directions. And , let

g ( F )  = p d . f . o f  F (8)

and ,

dG(F) E distribution of F = g(F)d(F) (9)

Then , p.d.f. of F is obtained as

= 

( 2  ) kn /2 1 K I~~~~

12
I K  I~~~~~~~ 

exp {~~~t r (~~~~FK~~ F
T)) (10)

Differential Decomposition of F

Using d i f f e r e n t i a l  ope ra t ions  on dec ompos i t i on  of a m a t r i x  ( 4 ) ,
and using equat ion  ( 1 )  , we can ob ta in

-

~~ k (~~~- + ~~~~~) K K
dF = ‘ k ( ii ~~~~~~~ 11 (s?—s ~~)d(S)d(U)d (v) (11)

rk (
~

) r k (
~

) i=l -

where , f k ( x )  is K — v a r i a t e  gamma function of x and , 

L -- - - -



~~~~... ~ i - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ __________

S = d ia q ( s 1 ‘ “ 2 ’  IS
k

) ( 1 2 )

a l so ,

k
d(S) = H c l ( s . )  ( 1 3 )

i-= l

the differential form d (iJ ) is the normalized invariant or Haar measure

on the orthogonal group 0(k) and the diff erential form (dv) is the

normalized invarian t measure on the stiefel manifold of k—frames in - ‘

space R’1 .

~L2~~~ LUfl ~~~!4!Y ~~~~ J2~ 2~ B9~i~~ ~~~~~~ 2~ !

Using relationc (7) to (13) and integrating out U and V over the

orthogoal group 0 (k) and Stiefel manifold of k-frame in I~~w .r. t. the

invariant measures d( I J ) and d(V). The joint p.d.f. of the singular

values of F is obta ined as

~~~~~ 
n~ ~2t- 1 _ ) J  1’ - —

q~~ 
~~~~~~~~

• • •  ,sk
) 

r ~~~F~~~~~~~K
fl/2

I 
k/2 ~ (~~~~s~~) ( f l  5 )f l k  x

k 2  k 2  —C - - R  i—i
( 1 4 )

Co 1 - 1  -
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~

p~-o ~ 
I .C,~ (I K )u ,~ ( I )

___ - 
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Fig. 9. MOSAIC2
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Joint Probability Density Func t ion  of E iqen  Va lues of FET

Jacobian of the transform ation (6) is as in (15):

JA (sl,... ~
Sk) 2k 

~ ~~~~• 2kdet (S) (15)

us ing  ( 15)  in ( 1 4 ) ,  we o b t a in  the  j o i n t  p . d . f .  of the eigenva lues of
FF

T as

2k /2 
k ~~~~ k

_ _ _ _  2 
~~~(\~ -X

1
) 

(16)

~~ C~~(-~~~~~) C c ~~~)cfr
(A)

p
~~0 

p  Tt~~~~cçvi~~~~~

f F
T

It can be proved that (see 11] ); If p.d.f. of F is known ,
p.d .f. of FFT can be derived from it by using (17):

F’F’~-+- A (FE ’1)

~~ 
1.T ) (~(±~f.~T ) 

~ ff q (F ) l.~v
T

l
n-k-1/ . d (EF T ) (17)

r k
( , )

Using g(F) of (10) in (17) , we obtain (18) as the p .d .f. Of FF T:

68
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~~FF
T) = 

2kn/2 r~~~~)i:i
fl/2 K~~

k/2 
~~ C 1

)cp (~~~~~~
1FF~~ 

(18)

the important observation from (18) is that if , in (18) , we let 1< =1 ,
T -l R n

we will obtain Wishart density W(FF ,k ,n ,K c ). Therefore , the Wishart

distribution becomes a special case of (18). The importance of this
result is in taat K~=I~ means indepe ndence among the columns of F and

this is the condition on whose basis the Wi shart distribution is
derived [5]. If we let and column dimension k 1 , then will ~~

‘

be and (18) will give us - the p .d.f. of a chi—squared random
variable with n degrees of freedom .

P~!2~Jfl 2~J2~ 2.~ ~~! !L~L9!!~ ~~~~~~~ ~~~ 2~ ~

Using lemma 3.3 established in [6] and performi ng the - -

transformation h~ =A 1/X 1 for i=2 ,.. .,k, we can establish the following
lemma

k 2t—k / 
2 k k 2 Icf  ( fl h . )  c~~~(~ 

~h
2 ) 11 (l-h ~~) H (h~

_h
~ ) fldh . =

l> h
2

> . . .>h
k

> O  
j = 2  1 P Ic i=2 i<j

(19)

k t + P  
rk (~~

) (t)~ 
rk (t)r k

(
~
-
~
—
~
) 

~ (I )
2 k 1  

~k 2/2 (t+~j~)~ r k (t+
~7—) ~~‘ —Ic ‘

where ,

-
~~~~~~~~~~

-- 
~~~~~-- — ~~~~~~~~~~~ -~~—- -- -
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( a )  = fl ( a _
~~(i_l))~ and = ~~~~~~~ ‘~ k~ 

(20)
i - i  .-

using (14) and (19), the p .d.f. of 
~ l’ i .e. the largest singul arvalue of F w i l l  be obtained as (21):

k-i- i I .
= - i - - 5 kn-1 

~~ ? 
(~~~)P~~~ 

~~~~~~~
~~~~~~~~ I

~~
J I~~R ! 2 - -

~ ft (
~~~~~~ )

(21)
C~~(-

1 )L ’ ( . 1 )
- - 

c~~~
_

_
~ 

It  can be pro ved 1 1)  t h a t  g ( s 1) c on v e r g e s  and is  uppe r bounded b y aw e l l  d e f i n e d  fu n c t i o n  as

g~~~ l~ 

r k
( 

qk n l ~ kn~~~ itr~~c~ ) 
~S~ t r ( E i)e2 1

t
~~~C )]

n/2 . k/2  22 K k

( 2 2 )

It is conjectured that , for known and 
~~~ 

expected value of s
~ 

canbe obtained computation all y up to a desir ed degree of accuracy.

2~ ~~~ ~~~~~ 2-~ ~~~~~~~ ~~~~~ 2! ~
Using (18) and some carefu l calculations , we can obtain thep.d.f . of the sum of square of singula r value s of F
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______ - -- 

- _—.__-__ — :— -- - - --‘,-—.—— ----
“--- -. —-—---

k nk-2 k
k (

~~~ s~~)~~~ co C (K 1 øK~~ ) 
( ‘Es 2 )

~‘cc-” 2 i=l ‘ v ç~ ft 
-
~~~~ —R 2

~ =~ 
1 ( 2 3 )g (L~ s - 

) = —ç / - i L..~ L~j1 
~~~~ r t ~~f~ K ~‘H1  / - —~~~ ~~1- -  ‘2 ’ —C —R -- 

‘ C p .

~~~~~~~i~2fl of Mome n ts  R e l a t e d  to F and Sin ~~u l a r  V a l u e s  of F

The mean value of FFT j~

E{FF
T}= 

~C
tr (

~~R
) 

( 2 4 )

The mean value of the sum of square of singular values is 
—

1<

= tr(~~ ® K~) = tr (K )tr (K ) (25)

For n=K , moment s of products of the singular values can be derived .
Using multiv~:riate gamma function and applying the concept on
generalized varian ce introduced in [7 , pp. 171] ,  we can ob t a in  the m t h
moment of the product of the s in g u l a r  v a l u e s a s

E{ (H s.)} = 2 2
~~
K,
~I
2
~
KR I

2 
(26)

the second momen t o r va ri ance of the produc t of singula r va lues  w il l
be
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k
(27)

j::l

The preced i ng results have applic ations in mathematics , control and
communication sciences. Their application in image processing and
pattern recognition has been explored in il ]. In the derivations , F
can be a samp le window f r o m  a T e x t u r e  field. The p.d.f. of F

presented in this report results in the p.d.f. of the singular values
of F which u l t i m a t e l y  r e s u l t s  in  the p .d.f. of the largest singular

value . For known 
~c 

and 
~R’ 

and from p.d .f. of the largest singul ar
value , it is possible to computationa ll y obtain the expected value of

the l a r g e s t  s in g u l a r  v a l u e  of F: the best model for and K~ is a
first order Markov covariance matrix which is of toeplitz form . The
eigenvalues of a toep lit z form can be derived and as a resul t the
zonal polynomials C

~~
(Kc ) and C

,~
(KR ) can be obtained and used in

equation (21). (21) reaches its stead y state value rapidl y and hence
can be programmed efficiently on a computer. The expected value of

the l a r g e s t  s in g u l a r  va lue  p r o v i d e s  an uppe r bound to the average
variation of the rest of the singular values. The above computations

can be used in designing a texture classifier. It can also be used in
Bhattacharyya distance analysis of texture fields.

1. Behnam Ashja ri , S i n2 u i a r  V a l u e  D e c o mp o s i t i o n  Ima ge  F e a t u r e

Extraction , Ph.D. Dissertation , USCIPI , Image Processing Institute ,
USC , Los A n g e l e s , C a l i f o r n i a , to be p u b l i s h e d  in  a p p r o x i m a t e l y

December 1979.

2. E. Cartan, “ L-es Fonctions Zonales d’ un espace symetriaue

irreductibl e ,” in Oeuvre Comp l~~tes , Partie I , Vol. 2 , 1952 ,

pp. 1065—1070.

3. A.T. James , “Zonal Polynomials of the Real Positive Definite

Symmetric Matrices ,” Ann. Math., Vol. 74, No. 3 , November 1961 ,
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4. A.T. James, “No tmal Mu l tivari - a te Analysis and the Orthogonal

Group , ” Ann. Math. Statist. , 25 , 1954 , pp. 40—75.

5. B. A s h j - t i  and ~ .K . Pratt , “ Singular Value Decomposition Image

Feature Ext ra ction ,” Semiannual Technical Report , USCIPI Report 800 ,

lma~~ Processing Institute , USC , Los An gel e s , Calif., M a r c h  31 , 1978 ,

pp. 72—8 9. F

6. T. Suqi yam a , “The D i s t r i b u t ion  of t he L a r g e s t L a t e n t Roo t and
Correspond ing Lat ent Vector for Prin c ip a l Component Analysis ,”

Ann. Math. Statistics , Vol . 37 , 1 966, pp. 995-1001.

7 . T.~~. And t-rson , An Introduction to Multiv a riate Statistic a l

Anajysis, ~ilev , N.Y., 1958.

2.5 Models for Texture Analysis and Synthesis

David Donovan Ga r be r

T e x t u r e  is  an important ch ara ctcristic for the analysis of

imag c~~. Acco rdir tqlv , the stud y of this image featuie has led to the
proposal of models attempting to de sciibe it [1-4 ). These models are

for the most pat t ad hoc as h iv e  b e en  t e x t u t t  d i s c r  im t n a t  ion

techniques 5) . Alm ost all reseat chcs have made no more th an a si i g h t

attempt to appl y their models to real natural t cxtu ie s .

Presented in this short pape t a t r  t h e  t e s u l t s  o f  i n d e p e n ~~en t

textu re resear ch which is b a s e d  ut -on  an  extensi on of earl jet work at
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— 
USC [61 showing application of models to a variety of real natural

textures. Many of the bas ic ideas derived from work in this area are
similar to those proposed in earlier text ure studies [4 ,7,81 .

Th! ~~~~ Q~i2~!Y !~!L!~2! ~2~~!

In the investigation of natural phenomenon once a researcher

collects enough data he tries to imagine a process which accounts for
the results. The construction and development of a mathematical model

is often the best way th is can be done . In some cases the model may
be extraordinaril y comp lex , in others , exceed i ng ly simple. In most -

cases model acceptance cannot be based on “truth” as the true
generating phenomenon is too complex or just unknown and so it is

based upon model usefulness and “how well it works. ” Such “working ”
models for texture are presented here because they have the ability to

simulate natural textures .

H
If one can synthesize and simulat e natural textures adequatel y by

using some proposed model the criterion of usefulness and workability

for that model is met. A researcher may then appl y the model to
problem s of texture identification and discrimination with

justification in a non—ad hoc way until a better texture model is
developed .

Many e a r l y  t e x t u r e  s t u d i e s  i nvo lved  the use of binary textures
generated by one-dimensional Markov processes. Such work was used by
Purks and Richards [9] and later extended by Garbe r [6]. In these one

dimensional models a large vector of pixels was generated line by line

using a set of generation pa r ameters

Gv (V1,V2,... ,VN)r~+ 1
where

GV (Vi,V2D ... F VN
) = P(VN+l/Vl,V2,. .. ? VN) (1)
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I g n o r i n g  b o u n d a r y  cond i t i ons , the bes t linear unbiased estimates

(P’ s) of the P’ s a r e  na t u r a l l y  d e f i n e d  by

M N

P (V
1 , 

V ,,. . . , v~) ~ It ~ U ( K  ~ ~ “K
y

K~~l —

whe re 1(i) represents the ith element of the text ure string from which
the pa rameters are to be estimated .

By u s i n g  th i s  me t hod , genera tion parameters were estimated from

“pa rent” binar y textures and used to synthesize imi tation binaty
textures. (The V ’ s we re chosen to minimize the sum of squares error ri
assum ing a linear model (see next section).) These (512Y parent

textures are illustrat ed in Fi gures 2-11 (a) . Synthesized binary

(512)2 s i m u l a t ions a r e shown in  F i gures 2-11 (b)

As the estimated texture generation param eters are approxim ated

using statistics gathered from the full parent texture, non—hom ogenit y

in the parent textur e will cause an “ a v e r a g e” texture to he
syn thesized. Because of its non—homogeneous nature ( sp e c i f i c a l l y  the

di r e c t i o n a l i t y  of the stalks in different parts of the imaqe) and

exh ibition o f  d e t a i l  ( s p e c i f i c a l l y  individual non—confo rming sin qie

stalks) the simul atio n of st r aw will not be perfect . A s i m i l a r
observa tion may be made with respect to the p a r e n t  text ure s of qr cms s

and water but in these textures the non—homoqenit y ~s not so
pronounced . As we are attem pt i ng to synthesize t e xtu res and not

me r e l y  “ i mag e code ” the parent t e ’t u t es , d et a ils and non—homoq eneit ies

w ill be lost in the synthesis process- .

Con t i n u ous Tone I i ne~~r T extu r e Model
——  - - - - — — ~~~ 

In many problems a qrey— sca le image is f i r s t  con v erted in t o a

b inary picture by quant i ?at ion. As was seen i n  Figur e s 2— 1 1  , m u c h  of

the or ig inal text ur & -  in fo rmat ion is t eta i nod by s u c h  a q u in t  i :at ion.
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Still a model fo r continuous tone textures is desirable.

As in the binary case , the texture model is closely rela ted to

the genera tion process which successfully simulat es it. In the binary

case we chose a Ma rkov-N model. A similar model can be chosen for a

g—grey level image however the retention and estimation of a full set

of generation paramete rs in this case is impossible as it reauire s g

locations (for just 16 levels with N=8 this is over 4xl09 p a r a m e t e r s )
After much thought a simple l inear model was proposed . This model has H

also been studied by Tou and Chang , M c C o r m i c k  and J a y a r a m u r t h y ,  and
Deguchi and Morishita but their results did not definitively i n d i c a te
model g e n e r a l i t y  (5]. The mode ] may be expressed as

y = x~ + ~ 
(~~

)

where
Vi ‘ I

“I
V2

X

VN

1

and B is an (N+1)xl vector of unobservable parameters , ~ is an (N+1)xl
unobservable random vector such that E [c]=O , O<V 1<g . The most common

estimator of 8 is (X’X ) 1X ’ Y , the least squares estimator. So g iven a
- - parent texture an estimation of B, B , may be obtained yielding the

g e n e r a t i o n  mod el

-

~~~~ Y = X~ ( 5 )

and noise can be added to our generation process at will. After
c a r e f u l l y  choosing X and e s t i m a t i n g  B fo r  each 5 12 2 pa ren t  t e x t u r e
shown in F igure  1 2 — 2 0 ( a )  512 2 s y n t h e s i z e d  Monte C a r l o  s i m u l a t i o n s  were
generated shown in fi gures 12—20(b) .
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Fiqure 13. Straw H
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Fi gure  14. Clo th
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Fioure 15. Wool
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( a )  (b )

Figure 16. Lea ther
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Figure 17. Water
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F i g u re  18. Wood
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C o n c l u s i o n s

By expand ing the above models and experimentin g with the V as
well as the noise paramete rs , improvements in the appearance of the
synthesized textures could be obtained at additional compute cost. It
would probably be quite a challenge to develop a segmentor powerful

enoug h to separate the simulations from their parents . This is
illustra ted by passing a l/4”— square (55 pixels) window over the
texture pairs and noting the similarities.

Based upon the results of this work , it is suggested that the
auto regression and Markov models should be exercised more closel y
with respect to their application in texture anal ysis , identification
and synthesis in future study. Such work and more details of the work

sketched in this pape r will appear in later publications.
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2.6 Structural Object Recognition in Aerial Images

K. Ramesh Babu

In this report we describe the progress in trying to develop
algorithms to recognize objects with structural descriptions in aerial

images. This is part of a larger effort at U.S.C. to produce an I.U.
System [5]. This work is still in developmental stages; we desribe

the method in terms of airport recognition. Based on the model of a
scen e , airports are approximatel y located; for precise location , we

need to perform recognition based on (a bank of) airport models.
Previous work [2] establishes a low—level processing technology that
we propose to make use of for higher—level processing . We have
already employed the linear features for describing roads [3] and we
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address ourselves here to the problem of object recognition.

The Recognition Process

The recognition process makes use of models  of the objects to be

recognised . In order to generate constraints that will aid in H
recognition , features from t h e  ~~~~~ that can be matched wi th various

model de tails are produced . Then , a search procedure will find

poss ible instances of the model in the image by trying to correspond

each individual model detail with image features; in general , one

find s more than one correspondence for the model due to various

factors — inadequacy of the model details used , symmetries , and noise
in the detected features. Finally, a set of rules will often be
necessary to disambiguate these correspondences and pronounce a final
match.

The next sections describe the details of modeling , image feature

extraction , and matching .

Modelin9

Our model employs data of the following nature:

1. Runways and taxiways are specified as vectors in a (rectangular)
coordinate system , i.e., these are directed straight lines with

specific position and length . (Fig. 1).

2. Parallelism relationships . These are described by specifying the

two runways and the distance of separation between them .
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Origin of the coordinate system

2~~

+ 1

3

Fig. 1. Example airport model with four runways
and taxiwavs
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t~ p~ runway = 1. .noofrunways ;

distance = real;

angle = 0. .359;

parallels = record

rl , r2: runway;

d: distance;
end ;

3. When runways meet or intersect , they can do so in various ways .

We have described in Figs. 2-4 the more commonl y encountered type of
relations (between two runways) —— the X—junction , the Y—junction and

the L-junction. As will be explained later , in the section on
matching , it becomes necessary to distinguish two types of Y—junctions

and four types of X-junctions . When more than two runways participate
in the intersection , the description is a list of pairwise

relationships. An example will serve to illustrate these points
(Fig . 5).

4. Positional relationships . left of and ri ght of. A runway can be

to the left of another or to the ri ght. Since runways are described
as vectors , these relations can be unambiguousl y defined .

A binary intersection relationship is described by the !i~~
intersection :

_ _  _  
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d

(a) para l l el  (b) Cross or X-junctio~

(c) Y-jurictjon (d) L— juncti~~

Fi g. 2. Common r e l a t i o n sh i ps among runways of an airport
(directions of runways neq~.ected).
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(a) “bright Y”

L

(b) “dark y”

Fig. 3. DistinctiOns between the categories of
the Y-junction .
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(a) (b)

I .~i

(c) (d)

Fig. 4. Distinctions among various categories of the L-junctiorts.
(a) leftturn (b) converge (c) diverge (d) rightturn .
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2 1

60°

0

\
30°

4

Model deta i l  # Description

(13 X 1 2 60

rightturn 1 3 120

GJ j diverge 2 3 60

diverge 3 4 60

Fig. 5. Descriptions of the airport model of Fig. 1.
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t y 1~t ’

inttyp e — (X lu n cti on , b t i q h t y ,  dark y, l e f t t u r n , c o n ve i q e ,
div eige , ight turn) ;

it yp t ’ — (lef tt u rn , converge , diverge , r i g h t t urn) ;
in te t sect ion  •

: 1  nt t ype
r 1 , t 2 : runway;

a : a nq 1 e;

end;

Two poin ts t eg at d inq these desci ipt ions must he noted here .

Anq 1 e s at e measured count etc Icc kw i ~e f t  om r I to r 2

2. In the Y-)unct ion desci ipt ion , t he r unwa y wh i ch ex t ends on bo th
the sides ot the point of In t e t sect ion is called the m ajot runway and

the runway which is t ei m ina ted by the point of int et section is called

the mino t t unway . rI reptesent s the majot runway and t ,  t he mino r
t u nway.

The uset in terf ace tot inputting the model descri ptions is s t i l l

in a stage of development . At the time of wi iting , the uset input s
the model by listinq int eFs ection s and p aFall e l isms as a text fi l e

according to a certain form at 1 6 1 .  Eventuall y, we p la n to aut om ate
the model detail computation — intersections , p ata l l e l ism s ~
positional relationships — thus requiring that the uset onl y i n p u t
runways and tax iways as vectors in a cootdin ate system .

~~~~~~~~~~~~~

The choice of intersecti ons as the principa l modelin g unit is

motivated by the relative case with which sim i lat image desct ip t ions

can he bu ilt. Tn 1 3 1 ,  we described techniques fot ext iac tin g l i neat

features. Apars , or ant i-par a llel line seqments of a c e t t a in width ,

can be usi’d as descript ions of portion s of t unways. At points in the

94

~~~ __i . - 
___ 

- ---- -.- —-—--,-
~~~~~~~~

- --



- - - ~--~~~~~~~ -~~—~~~~~~~--- - ., 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-- .

~~~~~~~~~~~~ ~~~~~~~~~~~

-

image where runways intersect or meet , it is possible for the apars to
be sharing a commo n supersegment . A supersegment is a single ,

piecewise linear , curve providing continuity of edge da t a in the

image. We have called such a collec tion of apars as saps [21. A sap
(short for supe r anti-parallel) is a collection of apars with a common

supersegment [2) providing one (or both) of the component segments.

Moreover , the apars can be ordered according to their occurrence in a

single traversal of the supersegment .

it is this data structure of sap that we believe is also useful
in providing us a base on which to hypothesize a possible

intersection. In Fig. 6, for example , apars 1 , 2 , 3 , and 4 form a
sap. It is reasonable to suppose that an intersection is present at

the meeting point of the axes of the apars 2 and 3. Although the
intersection in the fi gure is described as an x-junction , the internal

description can make a further distin ction because apars can be
considered as vectors. Thus , a vari able of type itype is used to

describe the directions of the apars. While the data sufficient to
describe the intersection are the two apars , for gaining ease in

subsequent computing , the included angle between them and their
directions are both noted.:

type imageint = record

t: itype ;

al , a2: dapar;

a: angle;

end ;

The type dapa r serves to treat apars as vectors. Thus , image
descriptions are solely made up of a list of 4-tuples. Further , we I
order the apars in such a way that the angle is measured anticlo ckwise

from the first apa r in the tuple to the second . [At the time of
forming these descri ptions , it is useful to note the collinearities ,
viz , apars 1 and 2 are collinear as are 3 and 41 .
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d ’scrrp t ion of 
~ : X 2 3 80intersectron

Fig. t.. 1~ (typical) sap, and h y p~~thes i .~inq of an intersectIon
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The- Mat chin 9 P r o c e s s

~ e have v i i. w e d  t he match i nq pt ocess as the problem of t el at i nq
e~~ch model  r unway c a set of co i l  m eat apar s . In the algorithms ,

a set of cc l i m eat apa t can he ident i fled b a
i t  pi ese:~tat rye apar of the set and thus , the matc h inq prob lem becomes

a la belin g pr oblem (1 , 4 1 .

The l.ahcl inq Pioh1~~rn. G iven a set of units U = {u 1, u ~,...,u ~~, a

set of label s I. = , , . . . , and a set of const r a i nt s as elements of

i .lxL 
1

, i=l , , . . .  ,m find elements in i Ux L~~ consistent with the

constraints. Thes~ elements a r e  called consistent 1~~heli nq s 1 4 1 or r
‘ile bal constr aints [H. A 1ahe~~jnq is a mapp inq of all the units into

sinq ie Libels .

I n  [ 1 )  , Sh~~pi ro and Har al ick at tempt t o  produce a lab el ing wh ich

n~aps each unit to a label , w he re  c~nv subset of units and th e ir labels

is cons isten t with some constr a int (s) in tU x L 1 ~~~
, i l  , 2 , . . . ,rr . On the

othe r l~~nd , Fr euder [41 conside r s the pr oblem as one of pr oducing or-

~n t h esi~~in~ a con s t ra int invo l vmn q all the units and th e i r l a b e l s .
These two appi caches r esult in d it fe r ent a I icr i t hms 1 1 1 met el v

t odu~ s t he amount of sear ch in an ot he rw  i so st r a i ~i ht f o  t wa t d search

W h il u  [41 svstemat ical l y builds c o ns t r  a ints of the next h iqh et orde r

un t i l  , t ina l lv , a - i lobal  constraint , or a c o nst r aint whet e all the

units j t  e l a b e l e d , is found .

In cur c a s e  , the un i t s  arc runways , the I abel s~~~r e directed apa r s

and the constraints ar c the jn irni t i v e  beI inq~~. A pr i m i t i v e  label in g

is ~ny indc~~e ndcnt  c o n s t ra  m t  on a (set of~ model r unway(s~ . In our

pr ob lem , how eve r  , we do not use una rv  c o n s t r a i n ts  ( i n v o l v i ng  only one

r unway) , becaus e t h e s e  u na ry  c o n s t r a i n t s  — —  v i ’ ., length , w i d th ,
hr rqh tness  —— do not seem to  pr o v i d e  useful d i s c r i m i n at  ion . Thus , a l l

we have as sou rce  of  independent const  t a i n t s  a r e  i n te r  sect  ions ,

p a r a l l el is m s  and p o s i t i o n a l r e l a t i o n s h i p s , and these can only fotri ~
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I
binary constraints (Observe that we represent model inter se ctions

involving mo re than two runways as a set of model intersections

involving exactly two runways) . A match between a model inters ection

and an image intersection is achieved when , in an imaginary
pos itioning of the image in t ersec t ion on the model inte rsection with

one point of intersection on top of the other , the runways and apars
are aligned . It is clear that the included angle of the image

intersection will be approximately the same as tha t of t he model
intersection. At this point , the runways and the correspond i ng apars

may be of the same orientation or of opposite orientation. Thus , in a
£!~~L~!~! 

1aheli~~ described below , rl matches with al and r2 matches

with a2. Again , the type dapa r serves to preserve the orientation

information about the apars.:

type pr imitive label ing • record
rl , r2: runwa y ;

al, a2 : dapar;

end ;

The distinctions mentioned earlier among the vario us categories

of L-junctions and Y-junct ions are valuable in the formation of
primitive labelings. In general , an image intersection can match an
X—type inter section in any one of the four angular positions. With a
‘1-type model intersection , however , there are only two different
matches possible. Finall y, with the L-type model intersection there
can be onl y one match. Thus , according to whether the model

interse ction is X—typ e , Y— type , or L-type , a maximum of 4, 2 , or I
primitive labeling s are formed , respectively, for each matchin g
image—model intersection pair. In all these cases, the apars may
match the runways as they are , or with their directions reversed .

The output of our matching is a set of maximal labe l in9s .  A
maximal 1abeli~~ is a mapping of uni ts into labels where not all units

wi l l be mapped ; morever , it is not possible to to find another

~~ 
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l r t t l i n q  whi ch is such that -- the set of units having labels in this

la be lin g is a supe r set of th a t of the maxi rra l lahel inq and the
cor re spo nd ing labels a r e’ e q u i v a l e n t . The eq u i v a l e n c e , in our case ,

translates to c o l l i n e a t i t y .

w ith the pr ob lem defined as above , we note here the differences

L t  tw ~ en our a lq o r i t ’rm and t ho se i n [ 1 (  and [ 4 ]:

1. In (1 1 ,  the aim is to generate a labeling which labels all

th e uni ts; we cannot afford to take such a viewpoint because of the

pr e s t - n c e  of no ise  in rea l  images.

2. Both in I l )  and [ 4 1 ,  any cons t r a i n t not compa t i b le  w i t h  any
p r i r r i t i v e  or p ai tia l labeling is removed from further consideration;

again , we cannot a ffo rd to r emove constraints because we are never

sure that a pa r t i a l  labeling is “more co rr ec t ” t h a n  t h e  p r i m i t i v e
1 abel ing .

Our search procedure is designed to incorporate the

abovement ioned differences , and proceeds according to the tree of

Fi g . 7 . Each node of the tree records information about the (partial)

la beling tormed upt o that point in the search and a set of runways

r espons ible for making the labeling . (These runways are sometimes

referred to as “ run ways of a node ” in the following text).
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type labeling = record
a : array [ruriway] of dapar;

node = record

1: labeling ;

rused : set of runway;

end;

In the search tree of Fig. 7, we have considered a hypothetical case
where each runwa y forms exactly two primitive labelings. The numbers

alongside each branch refer to the runway that is used in choosing a
constraint for continuing the search along that branch. While , in
general , this constraint can involve one or more runways , our problem
does not contain unary constraints. These constraints are nothing but

the pr imitive label ings of a model intersection involving the runwa y

in question. These pr im itive labelings are each responsible for the

formation of a successor node.

The initial node S wil l  have an “empty ” labeling and an empty set
of r unways. Search proceeds by considering any runwa y that is not in

the node ; we consider all the model intersections formed by t h a t
runway and form primitive labeling s; each one of the pr imitive

labeling s wil l enable us to form a successor node. Observe that the

search tree will not be balanced .

The formation of a successor node involves (i) assigning a new
(par tial) labeling and (ii) adding the runway responsible for the
fo rmation into the set of runways of the node . The successor node is

formed in such a way that —

1. All the runways that are labeled in either the labeling of

the parent node or the primitiv e labeling are labeled in the labeling

of the successor node and

~~~~~ ~~~~~ 
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2. If a runway is labeled both in the l abeling of the parent

node and in the pr imi tive labeling , then the labels, j • e •, apa r s , mus t

either be same or collinear ; further in the new labe li ng , the runway
gets labeled as one of the apars , which is ther eafter considered the

r epresentative of the co l line ar group of apars l abelin g the runway.

3. The runways of the successor node union of runways of the
pa rent node and the runwa y responsible for expansion.

Note also that the parent node should also be considered for

fur ther search but with a specific change; the runway responsible for

the current expansion of the node should be included in it - c set of

r unways. The successo r nodes are tested against a global crit e rion

and discarded if they fail to satisfy it. Cur r en t ly, as implemented

now , the global criterion is relative angular disposition of the

runways.

When a node can no longer be expanded , it r e p r esen t s  a maximal

labeling for our problem . However this l abeling may not completel y

character ise the runways because all the runways mi ght not he lab e led
and further , the labeled runways might not be comp letel y desc rih~d by

the labeling apars. A further search is required to complete the
runway descriptions. At the time of writing , thi s secondary search is

not implemented .

c 2 i ~1~9 ~~~~~~

The matching procedure we have described essenti ally exp loits

only connectivity relationships and hence , in general , we should

expect to find many more labeling s than the correct one , if it cx i~~ts .

Noise and symmetries also add to this number. We plan to utiHse

positional relationsh i ps in successfully fil t e r in q out some g loba l l y
unwanted labelings. The effectiveness of the procedures defl t ihed he re



need to be evaluated on real images.
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2 . 7  Model to Image M a t c h i n g -C o n t i n u e d

Keith E. Price

This note reports on the current status in the development of a

sys tem fo r  match ing models of a scene w i t h  images of the scene . M o r e
de ta i l ed  d iscussions and references to other work have appea red in

previous scm i—annua l reports and a complete descr Pt ion w i l l  appear in
a f o r t h c o m i n q , s e p a r a t e  r e p o r t .

The z y s t . ~rn uses both re gion based and edqe ha~ ed segm entation

techn iques. The edge based method is used to  f ind pr om inent l inca.r
ob~~ c t s  ( e s p e c i a l l y roads) , and the reg ion  based method e x t i a c t s  the

~ thei ohiects which are easil y d e s c r i b ed as connec ted  r e g i o n s .  These
segments , li nes and reg ions , ~-ire used as th e basic clement - s in the
symbo l i c  d e s c r i p t ion  of  the imaqe , which is completed by ex tra c t in q

v a r io u s  f e a t u r e s  of  the segments .  The user model , wh i ch  i n t e r n a l l y  i s
the same fo rm as the image de~ c r ipt ion , is  d e r i v e d  t h r o u g h  a d i a l o g
be tween t he program and the u s e r .  The f e a t u r e s  used r e l a t i v e
posi t ions , etc.

The model is match ed with the image to determine w h i c h  image
seg ment co r responds  w i t h  each model element . T~t t h i s  point s e v e r a l
imp rove ments  have been made , in aer ia l  images the 1 i nea r f e a t u r e
ext t a c t  ion s y s t e m  tends to break o b j e c t s  in to  s e v e r a l  p i e ce s .  F i g u r e

1 i s  an ac t  ia l  v i e w  o f  the S t o c k t o n , Cal i f o r n ia  a r e a  w i t h  a m a j o r
h ighway  r unning t t oni the top to  the hot torn . Fi -iur e ~

‘ shows the ma j o t
I m ea t  1e~~f ures  e x t  r- a c t e d  f r  om th is image.  Th is  m aj o r  road has beefl
b r o k e n  in to  many sma ll p ie c e s , w i t h  s e v e r a l  larg e gaps . ~ lso , many o t

the  p o r t  ions wh i ch  appear  to  be connected at e ac t  ual 1 y , in the c a r  r e n t
I i f l e a  r I eat ur c descr j pt ion , s e v e r  a I unconnected el ement 5 . NOW t hO

s y s t e m  a l l ow s  t o t  m u l t i p l e  m a t c h e s  w i t h  a model e lement . )\s a l w a y s ,
whe the r  a model e leme nt  is used once or more than once depend s on the

1 (~ 4
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task and model descriptions. Figure 3 shows how this can be used to
identif y multiple portions of the road segments , with multipl e
segmentations being given the same name . Also some of the narrow

river channels have been located along with the adjacent road , their
names overlap because of the automatic label position method . Figure
4 shows another example of multiple segments for , a road for a
different scene .

2.8 Comparison Between MAP and LMMSE Filters for the Restoration of

Images with Poisson Noise

C.M. Lo and A.A . Sawchuk

In severa l  previous repor ts , mathematica l models for images
degraded by Poisson noise have been presented and a maximum a

p~~ ter ior i (MAP) nonlinear filter for image restoration has been
derived [1 ,2]. In this report , we make a comparison between the

linear minimum—mean —square error (LMMSE or Wiener) filter and the MAP
filter for restoring images with Poisson no i se. The Wiener filter is

much easier to implement although it is only a linear processo~ which
is not expected to give as good a result as the nonlinear MAP filter.

Structure of the LMMSE Restoration Filter

From estimation theory [31-[9] the LMMSE filter transfer function
W(u ,v) is derived by minimizing the expectation of the squared error , -

between the original object and the estimated object. Use of this

criterion or the equivalent orthogonality principle [5J- [8) yields the
transfer function of the LMMSE filter as
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1
(u,v)

W~~(u~v) = ( 1)

where 
~fg 

is the cross-spectral density of the detected image g(x ,y)
and the object f(x ,y) whil~ ~

‘qq is the spectral density of the
detected image g(x ,y) . From a straight forward substitution into
Eq. ( 1)  ( 10 1 ,  we have

W (u ,v)  = 
2 ( 2 )p l+N~ W (u,v) ~f

(u ~ v)

where ~ is the mean number of photon counts in the detected image ,

~.( u ,v )  is the Fourier tran sform of the degrading point—spread function
(PSF) h(x ,y) and ~If (u f v) is the spectral density of the object. The
detailed derivation of Eq. (2) is described in [10). For a linear —

Gaussian additive no ise model , the Wiener filter is [3J— [9 ]

~i *(u , v )~~~
f

(u , v )
W (u ,v )  = _____________- --—--— — ———--—————--- (3)W 

I ~~~(u , v )  I~~~~f
(U l V ) + ~~~~(U ~~v )

where ~~(u ,v) is the spectral density of the noise which is
statistic ally indepe ndent of the signal , 4f(u,v) is the spect ra l
density of the object and ~i (u ,v) is the Fourier transform of h(x ,y)
Rewriting Eq. (2), the Wiener filter takes the fam iliar form

W ,v)  = - (4)

~ (u ,v)

where

\ ~~f
( U P V )



is c a l l e d  the s i g n a l— t o - - n o i s e  ~SNR) for the linear additive Gaussian
no iso mode I

R eter r m g  to Fq . (.~~) t ot t he Poi sson noise mod el , the LMMSI-’
f i l t e r  can be w r i t t e n

~~~ ( t i , \ ’ )  ( c . )
~c i 1~~,\’~ = - 

~ 

-

I H (u ,v~ 4

where 
~~

= N~~~(u ,v) . Thus the f unct i on  W ( u ,v )  is the same as
except that is det m e d  d i ff erently from t~ . althou gh Poisson noise
and its SNR are si~~nal-dependent , a can be called the equivalent

signal—to-noise ratio (SNR) . When the v a lue ot is ve ry lar ge ,eq .

wh ich is the case when the r ate  tunct ion is high , then 1g . (~~~l becomes

~ç ~ , v)  ~ 
— (u ,v )  (6~

and the LMMSF f i l t e r  approaches the inv or so fi l t e r  in the absence of

Fe i sso n no i se . Indeed , t h e  l a r get the r a t e  f unct  ion , the l e s s e r  i s
t he dog r adat ion due to Po is son  no m se . In t h is case , the LMMSE t i It or

onl y needs to  r ernov e the blurt inq de¼l r adat  ion e t f e e t  s . As discussed
pr eviously [ 1 1 , [ 1  , Poisson noise e t t e c t  s a t  e much more pr onounced at
low li g ht levels when the value ot ~ is smal let . In t h is  case , t h e
LMMSF t r i t e r  W~ is domin at ed by Poisson noise and image signals w i l l

ho set mous ly distorted . Thus the per formance of  the IMMSF t i lt e r w i l l

be expected to be worse at lowe r equiva le nt ~NR’ s. Mthouqh the IMMSF

f i l t e r  is based upo n t he minim um m e a n — s q u a r e  e r r o r  c i  it e r ion , this

e s t i m a t i o n  e r r o r  is a minimum under the conditi on that the ~i ~ r i ~~t i

know ledge is p e r f e c t .  Funct ions such as the s p e c t r a l  d e n s i ty  of the
oh j e c  t ~ and the mean numbe r of phe t on co un te r  s N m ust  ~e per f eet  I y

- - 

-
~ - -



known . In re ality, 
~~~

- a n d  N a r e  n e v e r  per fec t ly known and mus t be
est imated from the observation I ll ] .  Hence , the actual LMMSE error
does not reach the minimum. In short , the LMMSE filter tries to force

the solution toward the inverse solution with some sort of smoothness
controlled by the equivalent SNR

Structure of the MAP Restoration Filter

It has been noted earlie r [1 1 ,  (21 that the fundament al MAP

estimate contains maximum likelihood (ML) and ~ £r iori terms in its
solu tion. The MAP est imate can be written in the equivalent forty

~MAP 
= ~ + \ R ~it

T ( q _ l )  ( 7 )

w h e r e  f is the non s t a t i o n a r y  mean of  the ob jec t  e s t i m a t e d  f rom the
noisy da ta . The ph y s i c a l  in t e r p r e t a t ion  of the MAP es t i m a te i s t ha t

maximizing the probability p(d f) forces the solution toward the

i n ve rse  so l ut i o n  wh ich  is the max imum l i ke l ihood  s o l u t i o n , wh i le
max imiz ing  the p r o b a b i l i ty  p ( f )  is equ iva len t  to e n f o r c i n g  a
smoo thness crit erion. Thus , the MAP f i l t e r  t r i e s  to ba la nce  t he
invers e solut ion wi th a smoothness constraint [12 1 . Another ph y si c a l
inter ~~te t at ion from Eq. (7) is that the MAP estim ate tries to move thç
solution ot the estimate f \,~~-. from the a p r ior i non st at ion arv mean f

to a maximum likelihood solution

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

Ou r e xpe r imental  implemen t a t ion of the LMMSE f i l t er is based on
Eq. (5 ) using a fast Fourie r transform algorithm . The ensemble mean

photon counts N and the ob jec t  spec t ra l  dens i ty  
~~ 

a r e  e s t i m a t e d  f rom
observed photon count data. The estimate of 

~~ 
can be made by

substituting a similar “p r o to t y p e ” spectral density suggested by
Cannon in the blind deconvolut ion process 1 1 3 1 ,  or estimated by an

i terat ion method suggested by Lu in a method of image restoration

called spectral subtraction (SSIR) [11) . unfortunatel y , the~ assum e

110
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t he  r a i s e  is  l i n e a r  s ig na l - i n d e p e n d e n t  add i t i v e . Prcause t h e Poi sson
noi se i s  s i q r . a l — d  ~p n d . r t  , t (~ - est imat man of 

~
- is diff e rent.

~~ E F e c t r a l  d e n s i t y  of  the  o b j e c t  :~ i s r e l a t ed to t he spec t ra l
dc- ns i~~v of t h~ d e t e c t e d  r~~ag e  b y

:~~~( u , v )  = ~~~~ ~. ( u , v l  !~~~~~~f
( U I V )  (8)

w h e r e  N ~s cnsem t  ~-a rr~ as number of photon coun ts  and ~ ( u , v )  is the

F o u r i t r  tr a n sf o t~r of t h ~ PSF h (x ,y ). Thus , t h e spec t r a l  d e n s i t y o f
the  a b j e c t  c~~n he e s t i m a t e d  by an i t e r a t ive method , a l though th is
i n vo l v e s  an m r v ~~r s e  f i l t e r  w i t h  % . We do not i n v e s t i g a t e  the

~st ima tion of the spectr a l dens ity 
~~ 

Instead we assume that is a

white sp ect r al densit y . The white object spectral density assumption

extract s more hi q h~~r sp atial frequency content of man~ images fall s

rap idl y at hi gh spatial frequencies.

Fo r generalit y , a two-dimensional mov i ng average bl urring point

sp r ead f unct ion (PSF ) i s chosen for t he s imu la t i on  rat her than a
Gauss ian blurrin g PSF because it has singularities and phase reversals

in the frequency response. Restored images with the LMMSE filter for

diff erent eauiv alen t SNR’ s are illustra ted in Fi g. I . The amoun t of

res t o r a ti on is con t ro l l ed by the ~~ . The ser ious e f f e c t s of
i l l — conditioni ng can be seen in Fig. 1. The restored image gradually

b lows up as goes to higher va lues ,whi le  it becomes more noisy as -
~

goes to lower values, because the Poisson noise degradation is very

pronounced for small values of .~ and the il l -condi t ioning of the

inverse f ilter is worse at larger values of \ , implementat ion of the
LMMSE filter is very sens it i v e to the e q u i v a l e n t  SNR ~~.

Figures 2 and 3 show result s with the nonlinear sectioned MAP

filter implemented with Newton-Rap hs-~n i terative techniques as before .

Figure 2 has results with no blur , and Fi g. ‘ shows resul t s wi th
linear b lur. The experiments show that the MAP estimate is superior

at all signal—to—noise ratios tested .
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Figure 1. Restored images with the LMMS E filter for different
es t imated (SNR )eo ~. and 3x 3 moving w indow blur .

( A )  Restored image with the LMNS E filter for &=lO
(B)  Restored image with the LMMSE filter for &=20
(C) Restored image with the LMN SE f i l t e r  f o r  & =4 0
(D)  Restored image with the LMMS E filter for &=100
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Fi r u r t ’ 2b .  Ir’~iqes  r o s t e r l b~ t h e  ~~~ t~’tSE filter and the ‘~\P f i l t e r  at
‘ )  c~i th no hI

(- ~~ On - ;  i nal a b j ec t  i
(~3 )  f lo isson noisy imaqt ’
( C )  Res t  3red imaae by the L’-t ” t SE hi i t o r
(
~~ Res ar i i mace by t he ~ -‘cP h i l t  or
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Figure 3a. Images restored by the L~MMSE filt e r and t h e  MAP f ii ter
with two—dimension al ~~~ nnvinq window blurrin g degradation
at ( S N R )  ~~~~~r ms

( A )  O r i g i n - i ] oh j e c t  i ma re
(B)  D ir i d t ’d image
(C )  R’s t-ored image by the ht~Th1SE filter
1)) Res to red image by t he MAt’ I i I t e r
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The LMMSE f i l t er and the MAP f i l t e r  are  performing s im i la r
functions of balancing the inverse solution with a smoothness
constraint. The LMMSE filter uses the equivalent SNR to control the

balancing , while the MAP filt er uses the covariance matrix P of the

ob jec t  as a measure  of the conf idence in the nons te t i onary  mean f and
the maximum likel ihood solution 

~ML as a restora tion solution . The
LMMSE f i l ter  is based on the assumption that the detected image

i n tens i ty  c a n  be approx imate ly  modeled by a s t a t ionary random f i e ld .
For typical  images however , each par t of the image general ly  d i f f e r s
su f f i c i en tly from other par ts so that the station arity is not
generally valid . Moreover , the LMMSE filtering process is insensitive

to abrupt changes of image signals. This resul ts in ed ge smoothing

and contras t reduction . The MAP filter does consider the

noristationary properties of random image fields because it c o n t a in s a n

ML term and an a pr io r i  term . The MAP f i l t e r  theore t ically needs more
a pr ior i  knowled ge , but in ac tual implemen ta t ion , the MAP filter uses

less a priori knowled ge than the LMMSE filter. Both filters require

knowled ge of the blurring matrix i-i and the mean number requires the

s p e c t r a l  d e n s i ty of the ob j ec t 
~~~~

. It can be concluded tha t the M~ P
fil ter should perform better than the LMMSE filter for the Poisson

noise model .

A comparison has been made be tween the LMMSE filter and the MA P

fil ter with the Poisson noise model . It has been shown that the

quality of the restored image of the MAP filter is surer ior to that of

t he LMMSE f i l te r  by simple subjec tive evaluation. Boulter 1 14 ]  has

shown that even with large amounts of blurring present in a detected

image , a low noise level permi ts almost complete restoration.

However , photon resolved image signals have a very low s i g n a l — t o — n o i s e
ra t i on , making it impossible to obtain perfect restora tion for image

signals suffer ing from both bl urring and Poisson noise .
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3. Smart Sensor Projects

3. 1 DEVELOPMENT OF CUSTOM—DESIGNED INTEGRATED CIRCUITS
FOR IMAGE UNDERSTANDING

G.R. Nudd , S.D.  Fouse , and T.A.  Nussmeie r
Hughes Research Laboratories
Malibu, California 90265

and ‘

P.A. Nygaard
Carlsbad Research Center

Carlsbad , CA 92008

ABSTRACT :

This paper describes our on—going program to develop special—purpose

charge—coup led device and metal oxide semiconductor integrated circuits

for real—time image processing. This work has emphasized the development

of circuits that will perform the front—end, or “low—level,” processing

functions at data rates in excess of 106 pixels/sec . We describe the

design and fabrication of a third test chip which will perform two—

dimensional processing operations over kernel sizes ranging from 3x3 to

26x26 pixels. Included on this chip are data programmable operations

for processing over a 5x5 kernel at real—time television rates. In

a d d i t i o n, we describe the test fac i l it ies  we have desi gned and bui l t  to

demonstrate the performance of these circuits and the initial test 
H

results.
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I .  INTR ODU CT IO N

A p r i m a r y  a im of the  program has been t o  demons t r a t e  the  f ea s i b  I l i t  v o

p e r f o r m i n g  image—unders tand ing  a l g o r i t h m s  in real  t ime . For our pur po se s ,

we d e f i n e  “ real  t ime ” to be equ iva len t  t o  hi gh—qu a l  i t  v t e l  cv is ion • 7 .  5—M u :

da ta  r a t e .  Even fo r  r e l a t i v e ly s imple  o pe r at  ions on k er n e l s  ot lx .1 or

SxS p ixe ls , t h i s  r epresen ts  a speed inc rease  over conv ent  i o u a l  g e n e r a l —

purpose  com p u t e r s  of at  least  two or thr e e  o rde r s  of m a g n i t u d e .  To

achieve  t h i :  increased thoug hput  , we hav e des igned and imp l e m e n t e d  n o v e l

c har~~L — c e u p  l ed  dcv ice  (CCI)) and meta l  ox ide semicondue t or (MOS ) pro~- c• . ;  i ug

arc h i t  cc t ure s  tha t can be i n t e g ra  ted In  to i n f r a re d  and v ideo cameras

Based on the  work t unded on th i s  pr ogram , we’ a re  c u r r e n t  1 v i n v e s t  I ~. r t I n~,

severa l m i l i t a r y  a p p l i c a t i o n s  t ha t  r e q u i r e  b o t h  t he  sensor  and p r oc e s sor

to be i nt e g r a t e d  on to  a s ing le  c h i p  ( t h e  so—c a l  led “ sma r t  — s e n s o r ’

p h i l o s o p hy ) .

We have des igned , b u i l t  , and t e s ted  thr ee ’  j u t  egr at  e d—c i r c u l  t r est

ch ips  c o n t a i n i n g  the  14 a l g o r i t h m s  l i s t e d  In Table I . Each c h i p  has

been used to  demonst r a t e  a d i f f e r e n t  approac h to image a na l v s  i s .  The

f t  t st c h ip shown in F igure  1 was a lined at demon St ra t  I ug ii eve I t we—

d imen s iona 1 CCI) f i l t e r i n g  approach wl~ I c h a t  lows c onc at ena t ion o I several

( i n  t h i s  case 5) i m a g e — u n d e r s t a n d  lug  ope’r ;i t ions and has been d e s i g n e d  t o

he i n t e g rat e d  in to  the  sensor d i r ec t  lv  a t  t he  foca l  p l an e .  E ach o t the

func  t ions on t h i s  chi p o p e rat e s  over a •r r r .i  v of p i c t u r e  e le m e n t s  and

prov ides  a s ing le  processed p i c t u r e  c1en~on t o t  each  new i n p u t  p i x e l

The c i r c u i t  acc e p t s  th ree  l ines  of v ideo  d a t a  e q u i v a len t  t o  the  ~~~

a r r ay  and as such r e q u i r e s  two e x t e r na l an a l o g  dcl  ;Iv l ines when oper at e d

f rom a v Id icon or commerc i a l  camer a ,  as sho~~ In Fi gure  2 .  I n  our in i t  Ia 1

121
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Figure 1. Photomicrograph of test chip I.
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Figure 2. Formation of the 3x3 pixel array using
external analog delay lines.
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work to operate these circuits in real t ime , we have used Fairchild

CCD 321 analog line delays. These have worked quite well bu t  l i m i t

both the dynamic range and the signal—to—noise ratio of the processor.

We are currently investigating techniques for Incorporating the circuits

directl y Into a CCD imager as shown in Figure 3.

The second chip, shown in Figure 4, contains five individual circuits

again using a 3x3 pixel kernel and is aimed at demonstrating adaptive

processing using the local mean as the control. This circuit has been

operated directly from both a vidicon and CCD camera with an overall

processing accuracy equivalent to 4 bits. The operations performed in

addition to the 3x3 average are adaptive stretch , binarization based on

the local mean , unsharp masking, and Sobel edge detection . Under a

parallel contract with Ni ght Vision Laboratories , Fort gelvoir , Virginia ,

we have integrated these circuits into a demonstration processor , shown

in Figure 5. At the request of the customer , we incorporated a CCD field

delay to remove the interlace and provide a processing capability on

adjacent lines of video . This processor has been operated at a 4—MH z

clock rate , and the results are reported in Ref 1.

Our recent work has been concerned with the design , processing, and

initial evaluation of a third test chip , which is aimed at demonstrating

processing techniques using larger kernel sizes (as high as 26x26 p ixels)

and demonstrating a programmable capability. After many problems and

delays in obtaining a satisfactory mask set , we have now completed the

processing of this chi p and are currently collecting preliminary per—

forinance data on each of the five circuits , as descirbed below.
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I I .  PROGRESS ON TEST CHIP I I I

The principa l effort this period has been with the design , simulation ,

and processing of this chip. Five functions , a 7x7 mask programmable array,

a 3x3 Laplacian , a median operator , a 5x5 voltage programmable convolution ,

and a large 26x26 element convolution for the primal sketch ,~ are included .

The desi gn goal is for a 15—MH z clock rate and an overall processing

accuracy equivalent to 6 bits. The resolution of the circuit lithography

Is 5 to 7 On , equivalen t to commercial optical techniques , and the technology

is n—type surface channel. The bandwidth requirements for this chip are

towards the high end of the speed capability range for surface channel

devices and hence represent a considerabl e challenge. Also , the kernel

size has been considerabl y extended from the 9 pixels used in our previous

work. The largest processor , the convolution for the primal sketch ,

contains 338 pIxels. Further , the dynamic range required by the operators

contained on the chip is much increased , representing approximately

8 bits , and we are including special techniques to achieve this.

Probably the most significant challenge we are addressing on this chip is

the development of programmable processing kernels. The concept here Is

to develop a general—purpose convolutional processor tha t can accept

data at real—time video rates and can adapt its kernel size and weights

either in a preprogrammed way or in response to the processed output at

a speed hi gher than the frame rate (>30 Hz). If such a device can be

developed with accuracy equivalent to 6 bIts , it will find very wide-

spread general utility In image analysis and understanding . At present ,

the kernel size for this circuit Is 5x5 , but there is no fundamental

limit preventing this from being significantly increased . To meet the



~1gn1rlc an tl y Increased demands both In terms of speed and dynamic

range , we have in c l u d e d  an o n — c h i p  samp le and hold to bo th  reduce the

output noise and lower the clock feedthrough . This should significantly

increase the performance of the functions , particularly at high speed .

A schemat i c  of the  c i r c u i t  is shown in F igure  6. This  dev ice  has been

simulated to operate at an 11—MHz data rate and prov ide a 60—dB common

mode rejection driving a 30—p F output load . This circuit is included

in each of the (CL) f u n c t i o n s .

A photomicrograp h of the full chip showing each circuit and the

test devices is shown in Fi gure 7. The ch ip  i t s e l f  is approximately

2 2 5  mi ls , which  is s l igh t l y  l a rger  than our p rev ious  one (191 mi] s 2 ) .

r h i s  has r e s u l t e d  in f ewer  dice per wafer , thus requiring higher yield

to provide acceptable quantitites for testing. We are currently

processing 11 wafers , each with 36 dice/wafer. This should hopefully

result in enough acceptable circuits for initial testing . Later we will

p r o c e s s  an a d d i t i o n a l  lot when the chip ’s initial operating parameters

have been determined .

This chip has now been designed and simulated using the circuit

analysis and simulation program SP1~~E. The individual cells have been

drawn and the composite digitized by the mask maker. Because of hig h

demand in the IC market , the turnaround at the mask maker has been some-

what longer than originally anticipated . In addition to this delay ,

the initial mask set received was incomp lete; also , some of the masks

were reversed field. The net effect of these two de lays  is an a n t i c i p at e d

schedule slippage of  several months . We have only recentl y comple ted

t~~i & p r o c e s s i n c  . .- q u i r e d  p r i o r  to short testing the devices , dicing the
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I

wafer , and packag ing . However , this process is now complete , and we

have s tar ted the ini tial performance evaluation. Because of the larger

kernel size and the significantly different charac teris t ics of these

circuits , we essentiall y have had to rebuild the test facility. Consider-

able time and effort was expended on this during this period , as discu ssed

below .

III. PERFORMANCE , EVALUATION , AND TESTING

To be able to effectively test the performance of the microelectronic

circuits developed , it has been necessary to develop an appropriate test

facility. The essential components of this system are shown in Figure 8.

The functions developed on the test chip includ e both two—phase and

single—phase circuits , each requiring a clock swing of at least 20 V.

To achieve this , we have developed a driven sys tem that opera tes f rom an

8—channel (T
2L voltage level) word generator and uses these outputs to

develop MOS level waveforms . This generator is also used to develop the

necessary diffusion and reset pulses. The word generator can be clocked

at a 20—MHz bit rate to process a 3—MHz bandwidth signal. The imagery

will be obtained either from a stored data base or a vidicon camera .

In either case , the data requires formatting into several parallel video

lines to form the appropriate kernel size. The system to do this has

now been completed . It consists of a 10—MHz, 8—bit analog—to—digital

converter system that provides input to a 24—kbit RAN register .

The RAM register provides a delay equivalent to six horizontal lines .

A digi tal—to—analog converter is included after each 4 kbits to provide

the analog output from the adjacent lines. The necessary hardware to

provide this facility has now been completed and the system tested with

-~~~~
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a commercial vidicon. In addition , a signal conditioner box , which both

translates the dc level of the resulting video data and can provide the

necessary variable gain , has been designed and built. We also have

provided the capability to vary both the spatial and temporal resolution

of the processor and have investigated several commercial “frame grabbers”

and digital memories to provide this facility. The system we have built

is based on the Quantex Field Grabber with resolution of 256x256 pixels

each with 6 bIts of gray scale. We have interfaced this system to an

IMSAI 8080 microcomputer for evaluation and have written several software

packages to manipulate the data to provide both simulation of image—

understanding operations and manipulation for display purposes.

We are currently using this facility to evaluate the first lot

of test wafers. We have decided to investigate the 5x5 data programmable

convolution and the median operator initially. The schematic of the 5x5

programmable operator is shown In Figure 9. Essentially, it accepts

five parallel lines of video data and performs a 25—point bipolar

convolution on a sliding 5x5 pixel array . The mathematical formulation a

of the processor is given by

k+3 1+3

i 
= I i ~ 

• W~~
‘ i=k—2 j=i—2 ‘

where I is the intensity of the processed image, I is the original image, and

the W1~ are the programmable weights. The processor consists of a two—

dimensional floating gate array with 25 voltage—controlled taps. This

array overlays five separate CCD delay lines through which charge

equivalent to each picture intensity is clocked . A single source follower
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at the end of all of the delay lines is used to detect the linearit y and

transfer efficiency of the basic CCD structure. An example of the

operation in this mode is given in Figure 10. The input signa l is shown

on the upper trace , and the output resulting from two cycles of this wave-

form is shown on the lower trace. The operator here is at “6 kHz,

equivalent to the pixel rate of the stored data base microprocessor

system . The photograph illustrates the need for an output stage inc luding

a sample and hold . The reset pulses occurring each p ixel interval can

be seen to have about the same magnitude as the diffusion output. These

are due entirely to feedthroug h and are unwanted outputs. To avoid thi s ,

we have tested the on—chip sample and hold as shown in Figure ii. In this

case, the input signal consists ot a single frequency tha t is sampled

each 60 l~sec . At these intervals , the output level of the waveform Is

sampled and frozen until the next sample pulse. This circuit is included

on all the active CCD outputs and is used to eliminat e the unwanted clock

to reset feedthroughs. The initial results obtained from tile tl o.i t lug

gate are shown in Figure 12(a and b). In each case , t h e input si gnal is

shown on the upper trace and the resulting impulse response shown below .

In Figure 12(a) the voltage set tings on the floating arrays ,~re cquiv ;i l ent

to t) , —I , 0, —1 , 0, and in Figure 12(b) to 0, 1, 0, — 1 , 0. Tn each case ,

the input response equivalent to this set t ing is obtained , yen I v itt ~ hot h

the progranunahility and t he capability of bipolar weighting. Figure ~~~~

shows the impulse response equivalent to 1, 1 , 1, 1 , I . Al though these

ire preliminary results , it is clear that all the n ec e s sary  funct Ions a re

~pe rat ing 01) t he chip. The dynamic range of the device  - a l- a t  a I ned so I ar

is 111 (1st rated in Fi gure 1 1. It is equivalent to about 14 gray levels.

A 
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The granularity on tile trace shown is due in part to the microprocessor

system used to o b t a i n  t h i s  t r a n s f e r  c h a r a c t e r i s t i c . Our work w i l l  continue

on this circuit to improve both the accuracy and dynamic range and t o

increase t he-a speed to 7. 5 Mhz. We have ’ , however , s t a r ted  to process some

test—p atterns , as shown in F i g u r e ’ 1 .-. . rh~ f i r s t  c o n s i s t s  of a two —

d imens ion al grid with 1 ines each a s i n g l e’  p ixe l  in width. h i s  lids been

p r ocessed w i t h t h e ’ processor set for a I , I . 1 • 1, 1 Impu l se  response’ in ‘

b o t h  x and ‘ a .  The r e s u l t  tug g r i d  w i t h  each l i n e  5 p ixe is w i d e  is shto~~

in F i g u r e  1 4( h ) .  Th is  cor r e sponds  d i r e c t  lv  t o  t h e  simulation shown iii

Ft gure I (c ) . -\ sin i l,t r result I or  t h e a pi e t t u e  of the house’ i s  shown

in F i g u r e  1 ‘-a . The i m p t u l  se r e s p o n s e  I or  t h e  p ro gr amnuh i  e a r r ay  set up t a ’

he ’ hot ii a p l u s  shap e and .1 a I 055 s t ap e  a Fe sh own in Figure lb .

l)u r rig the aex - p ha Se ’ 01 t lie p t  ~‘t~r ~O11 , we w i l l  cont ittUC t tiC t C St ng

and ev.u 1 u . tt  ion  ot  I e c i r c i u t  t s and p ro’a’ i de ’ a detailed pert ormance

r ev iew .

I V .  S t t IW OF \ I  S I FOR I M \ ’~F l N P F R S 1 . \ N P I  N ’a

In add i t  ton to  t he ~~
-
~~‘ t k on the  CC1 )/ ~ Ia. IS circuit rv  and b u i l d i n g  a

new I t’st I - u .  i l i t  v , u e ~ have’ ~‘ea:Iui  an ma I vs is pre~ r.tut to determine the

impac I and a dv an  t age o t ye ’ rv l a r g e  s c a l e  in t egra t ion ( V L S I )  on image

u n d e r s t an d  i t i c.  l h t e  c u t  - - I rig wet ~ li i  so I t  ware and a I g~- a r  i t  hm deve lopment

c l e a r  lv  is  I cad 1 t1~~ t ~‘ an ci er u n e t  e . IS  i tic demand b r  comput at  t ona l

t h r o u g h p u t .  F u r t h er , i t  is cv t d e ’t i t  t h a t , even w i t h  the  most soph ist  t e a t  eel

genera l  — p u r p o s e  m.uc l i t  ~t a ’7; , t he j t o c  c’S S i t ) a ~ t i me ’S a re ’ incompa I ih i  e w i t h  .uu i v

r e a l — t  inc app i  li-at i~ ’t i .  A n •u p p a r e t i t  sa -a l u i t  I O U  t O  t h e ’se ’ i s su ’s is t he’

deve lopment  of new p t a -a c ‘ssi ng .u t - ~’ii it cc t ti res based on the  I a t  es t

techno logi c’s. l’wo si g n  i t  i c .un t d e v e l op m en t s  have been t a k I n g  p 1 Ic ’ C ~tl

m i c r a -a t ’ l e e r  re-an i cs in t h e ’ p a s t  sa ’vera  I y e a r n .  The I I r s t  i s  t h e ’ a h e v e’ lopmt ’nt

of a v a r i e t y  of new t echno lgo ics  such as PMI ’S , CMO S/S O S , 1 1  , E 1  • and

l 3~)
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h- ia h a - a t  fe r s  a d l  f t  a ’ t . m t  e’omblna t ion a t  p ar am et er s  i i i  te ’r ms of

speed , power cons t imp t ion , a ri d t he po.ss l b  I ~‘ I e’v.— 1 o f  In  I t ’gr - a I ion . I t  I s

~ f ~~~~~~ t i c u  1 ar Import 8flL’ a’ t o  I tie I .13 . p rogr am t o  he’ ui-a It’ t o  ev .i  1 wit  e’ - 
-

ti e ’ ndv~u i i t age ’s  and t ons t r .u t u b s  of  . u l l  t h e  a v a i l a b l e  t &‘chno Iog tes  wit hi

r e ’s pea ’ t to our  progr a ms . In  ada l  I t  Ion , w i t h  I tic reused reso h i t  I out  of

i n te g r a l  e’~l - e l  rcei I t  I c i t  t i l e S  au th a t e ’ a ieased power consump t Ion , b itt’ I eve’ I

of in t e g ra l  ton wit hi t  II cue hi c h i p  has  great I ‘a I ne ’ r eused .  For taxamp Ic ,

in hi ghl y r e g ul a r  . ir r a v s  , su c h  .is memo t - I c s , as many as I0~ to  10
b

I
fume Lions e.au he’ t nt e’gr a t eel in eat ’ hi c h i p .  Tb is  dt ’ve ’ lopm ent  wi 1 1 al so

have pro f o u n d  ci f ee ’ t s

I’o some ex t cu t • t he’ ties I gn and urchi t e e L  tire ’ o I h i  gb—dens it ~

c I r cu  i t  ry o t h e r  t h a n  memor it’s and conunerc I a t  mt c r o p r o c e ’ssors have ’ Lagge d

be’h Intl t he’se deve’ I opm ent  s , ar i d  a sign if I c a n t  advance  ~~u ri  h e ’ expe’e ted

f rom the ’ op t  Inn im t ie ’s !  gii ot  I inuge’— pro cess  ing a r c h i te c t  t i r e s .  To ; ucl i  I e ’vt ’

the’ maximum ual vant ages of V l S i  f o r  the ’ I .11 . p r o b l e m , two p r ec e p t s  m u s t  h-at’

~id h u e n e ’d t o .  F i r s t  , b It e dc ’s i gus and ar ch i  I t  cc t t i re ’s must , w hit ’ re p o s s i b l e ’

prov felt ’ col iceu r  rent opera I t o n .  l Iut’ otw lotus hot  t l enecks  ha t  rt ’su I t in

the von Neuman conct ’p t s of a s [rig It’ ant t hme t Ic  t in I t  • etc • e’nn ht’ c Er—

c umvt ’n ted by hi i gh i v  1 ecu I i  ~‘ed opera ~ ~oui w i t h  mul  P i e ’ pr h u t  t I vt’s. Tb is

r emove’s many  eu t h e  proh I e’ms f ron t h e’ pr ocesse t  r and p 1 ti c a’s t lien In the ’

t’ont re -a l anti  d a t  a c i i  St r I b u t  i on  sv st  em. There  I s  
• fan— e’x antl-a I i’ . a uieed fo t

I oca I I  z ’ d  d 1st r I h u t i t  0th st  atragi’ and memory is Le-ac ’ Lit  ccl wit Ii each pr  (m it lyt’

f o r  t h a t  a i ntl  In s t  r i u c t  i t -an queu ing . i n  • ieid I t  ( o t t , i -a t - a t  ii l a - a r  e a s e  e~ t ti e ’ s i gn

ari d I a - a t  i n c  reused p a ck i n g  den s i t  v , t he’ a~ I %~e’ n i t  t v muu~ I l a ’  I i i  g li I ‘a i e gal I at-

on the  sf1 icon  ~urt ice.
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From a -au  r pr e ’v ions work on tit is program , it is e’ lear t h a t  , t u s i  ng

current stat t ’ — e- a i— ti u e—a rt technology , low t o  intermediate level p rlm it Eves

can he I-au lit t hat  will pre-av ide ’ r ea l  — t ime ’ operat ioti without requ I r i n g

extensive •urea on the silicon. From this work , we ant ici pate’ tha t f ive

or six primitive ’s might he inc ludt’d iii a sIngle ’ 200— mir chip. In

stuppor t a -a f lii i s conet’p t , we’ a 1- c c u r r e n t  lv  hives I iga t ing concept s I c- a r

dat a d i  St r I hut Ion and jut. clii gent local s to rag t ’  us well ~us t t’ehn I qti .’s such

is re s let t ie operation and number I h ieor et  Ic t run s  I orma t ton f o r  r cgai  I ;lr I ~ I ng

the pr e - a c t ’sse ’s t h i emse ’Iv es .  1’he’ eventua l aim of this work , which w i l l

e’e-a nt Inue  in t he’ next period , Is t o de’t ermi Ut ’ an a- a l - a t irmim w ; u ’a - of m a p p i n g

t lit’ a I gor i t  hms and pto~’ e ’sse-ars onto t h i t ’  tw o—d inu t ’tls tona l sil icon.

V .  SUMMAR Y ANI) FU TL I RF PLANS a

Ihir itig t h e  c u r r e n t  per it- ad , our  wa - a rk has  been coti ce ’ti t r a t  ed in  t hrt ’e ’

ar e a s :  f lue ’ tubri . - t t  la- a u cut lest i i iip I I I , the the ’v clo p riu e’nt of  mu

ci  ft’a’ t I Vt ’  I e’st l i e  E l it v anal pie ’ l int i t i a  m v  t e’st I ng of t hit ’ c i  r cu  I t s , arid i i i

Iii it l.a I st uciv c -a t~ t h e ’ e t t e e ’ t of Vl.S I c-an Image’ tiri derst and ing . I’ ra -ag rt’ss i n

each of t lit’se ’ .u r e .m I~ u hi’t’n sat i sf ic ta - a i v  , a it l i t - a t ig h unexpe’c ted ale I t  ‘a- s

h ive be ’en e tle a - a li n te ’ red p r i m ! lar I v  w i t  Ii I he c - a l i t  St  t i e ’ mas k make’r. Tue

p r e - a h - a l e’nus i t  hi this V a L t . l a ’t  hi .uv e cre ;ut ed i t t  a l i l . i V a ’ (~l u l I e  a h e - l i v  o f  a t  l eas t

l w ’ m on t  lis mud have l’ e ’eui large’lv re’SI-a a - a tts il - ale ’ t a - a t  our de ’lav Iii t lie t e s t  it ug

sa ii e ’ d t r  l a . }la’we ’v,’t , .u I I I i  m us k - ; h iv e ’ not,- be ’t’i i t a c a ’t  v a l  , in ch t lie’ wa I e ’t s

h.mve’ l a’e’n p r a -a a a S L . e ’d inch ~‘ h 1 a -a r t t ~~ I a d  . We lt u v , ’ a ontp I~ - t  cal tic u m i v  .ui I t lie’

wet  K on tile’ a s h I i t ’ i t  i t  V umi a l  l i e ’ la ’S c c i  I i t a ~ in i t  i i i  t a ’ . t  t .‘~u I t

l i t is we u K w I l l  a t - a l i t  littu e ’ L e - \ t  pe’r I a -a d . an ,l wa I n t  e ’tia h t a f S S L R ’  i i ’ i t  e ’1 In

r ep or t  d a t i l  I t u g  the te ’St re stu l i s u ;  m v i i  l a l - a i a’. In . id l i t  i - a n  I ’  t l i i  s , we ’

h ave ’ L - t t , u r t a ’ el ou r  ~‘l.S I s t u i a l v  . iulei  i r e ’  st  • u t t r ug  t a - a  I a i t f l L i l ~ u I  a’ i t t  .ipj ’r o u ch

t a - a t  t h is ma leu task r le ’ xt  V a u t
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